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Spectral induced polarization (SIP) has become a popular and useful tool for 
minimally-invasive monitoring of subsurface bio/geochemical processes due to its high 
sensitivity to the surface chemical properties of rocks and soils. However, it is not clear 
what mechanisms affecting the electrical properties of a porous medium, especially those 
leading to alteration of the pore space and mineral surfaces are responsible for the 
observed polarization in electrical signatures. A general objective of this work, therefore, 
is to test grain polarization mechanism as one of the controversial theories explaining the 
polarization observed in SIP measurements.  In this dissertation I post several hypotheses 
around this issue related to physical versus chemical and biological modifications of 
mineral surfaces within a porous media and setup a series of experiments to address these 
questions.      
The first part of this dissertation investigates the effect of fundamental physical 
changes to the surface properties of porous media on SIP signals, including coating the 
surfaces with iron oxide and calcium carbonate (induced by abiotic and biotic processes), 
and etching the grain surfaces.  The changes have the potential to alter the area, 
roughness and ion density of surfaces. And the SIP measurement has successfully 
detected distinct different electrical signals for heterogeneities present on grain surfaces. 
The second part of this dissertation is focused on testing how SIP signals respond 
to changes in the chemical state of a mineral surface, specifically to the surface ion 
adsorption on charged grain surfaces. Grain polarization is one of controversial 
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mechanisms describing the stern layer ions polarization phenomena when grain is under 
electrical filed, which is therefore closely related to the electrical double layer theory, i.e., 
migration of ions distributed within both the tightly-bound Stern layer and loosely-bound 
diffuse layer may contribute to the complex conductivity signals. Modifying surface 
adsorption processes, e.g., by changing the dominant ion in solution or modifying the 
pore water pH, provides a means to investigate the role of surface chemistry on the SIP 
measurement in detail. 
The third part of this dissertation investigates a novel approach for evaluating the 
surface polarization at the scale of a single grain by using AFM measurement. A charged 
AFM tip is made closely to surface of grain particle which is applied by an AC current in 
an electrolyte solution, the deflection response of the tip is evaluated which could provide 
direct information about charge polarization of the surfaces. And initial promising results 
show us consistent response on AFM tip deflection force on sample and control samples. 
Further investigation and efforts will be needed to experimental methodology and data 
interpretation. 
Through investigation of the mechanisms and applications of SIP measurement in 
this dissertation, we have learned the main mechanism controlling electrical responses 
during surface ion adsorption process is stern layer polarization, and also found SIP may 
be capable to monitor the mass transfer process between mobile and immobile domains. 
In summary, the overall objectives for understanding SIP mechanisms are successfully 
achieved, but the SIP signals associated with biological activities need to be further 
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Chapter 1 Thesis Overview 
1.1 Objective 
The overall objective of this thesis is to investigate the spectral induced 
polarization (SIP) technique as a tool for monitoring geochemical processes in porous 
media.  A basic science approach is taken here, where the goal is to use controlled lab 
experiments to identify key mechanisms affecting SIP measurements.  These results 
could later be applied to interpreting data from field-scale studies, but this application is 
outside the scope of this dissertation.  Specifically, there is one main question I want to 
address: Is grain polarization the mechanism controlling the SIP responses in porous 
media? In order to answer this question, I have focused on experimental approaches to 
better understand electrical signals associated with mineral surfaces in porous media 
under different geochemical, physical and bio activities processes. 
1.2 Motivation 
The contamination of groundwater is an ongoing problem at many sites in the US. 
For example, high mobility and solubility metals such as chromium, cadmium and 
mercury in groundwater can cause significant contamination and human health problems 
(Mulligan, Yong et al. 2001). Research efforts are currently underway to promote the in 
situ remediation of soluble metal species via the ability of microorganisms to facilitate 
the sequestration of aqueous metals in insoluble precipitates. Thus it requires the 
development of monitoring approaches sensitive to the process of microbial activities and 
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the precipitation of mineralized products. Compared with borehole-based sampling, 
which is spatially limited and expensive, geophysical techniques provide minimal-
invasive monitoring of microbial activities or biotic induced geochemical changes 
underground.  
1.3 SIP method 
Induced polarization (IP) is a current stimulated electrical phenomenon observed 
as a measured delayed voltage response in earth materials. It was originated to be used in 
mineral exploring and groundwater searching from 1960’s and 1970’s(D.S 1978). 
Induced polarization phenomena can be observed for both time and frequency domains. 
The spectral Induced Polarization (SIP), which is the frequency dependent of IP 
measurement, has become popular in application for geo-structure characterization with 
spatial resolution as a geophysical field method, especially for hydrogeological and 
environmental investigations(Kemna, Binley et al. 2012).  
The SIP method measures the frequency dependent electrical responses of 
materials at frequencies typically below 1 KHz, and the impedance magnitude (σ ) and 
phase shift (φ ) of the sample are recorded by connecting to a reference resistor under a 
injected current (typically swept sine wave) and could be converted to a measured 
complex conductivity (σ ∗ ), which contains real (σ ′) part for energy loss and imaginary 




− ′′ = −  ′ 
                                                         (1)  
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2 2( )σ σ σ′ ′′= +                                                           (2) 
iσ σ σ∗ ′ ′′= +                                                             (3) 
 
 
(1) Laboratory studies 
Until recent years, researchers started to use SIP measurement on non-metallic 
materials such as sand and clay due to its high sensitivity to the surface chemical 
properties of rocks and soils (Lesmes and Frye 2001) and are thus of interest for detecting 
influences of geochemical and microbial processes acting at the pore-mineral 
interface(Slater, Ntarlagiannis et al. 2006) (Leroy, Revil et al. 2007). Microbes can 
directly change pore surface properties because they may adhere to mineral surfaces and  
have distinct electrical properties, which influence geo-electrical measurements (Abdel 
Aal, Atekwana et al. 2010). Recently there have been an increasing number of studies 
using electrical methods to monitor the interaction between microbes and contaminants 
or minerals in the subsurface(Ntarlagiannis, Williams et al. 2005) (Abdel Aal, Atekwana 
et al. 2009) (Slater, Ntarlagiannis et al. 2007). Some laboratory experiments have been 
done to investigate the direct geophysical response of microbial cell concentration and 
the growth of cells and their attachment to porous media surfaces (Davis, Atekwana et al. 
2006; Abdel Aal, Atekwana et al. 2010). And very recently, SIP measurement has been 
reported to monitor the surface ion sorption and cation exchange process by Vaudelet et 
al. (Vaudelet, Revil et al. 2011) (Vaudelet, Revil et al. 2011). 
(2) Field studies 
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Field studies by using IP techniques mainly initiated with quantifying subsurface 
hydraulic properties (Slater and Glaser 2003) (Titov, Kemna et al. 2004) (Okay, Cosenza 
et al. 2013) (Börner, Schopper et al. 1996). And recently there are also growing interest 
in using SIP to monitor the mineralogical properties through geochemistry or 
bioactivities affected (Williams, Kemna et al. 2009) (Orozco, Kemna et al. 2012) (Chen, 
Hubbard et al. 2012) (Flores Orozco, Williams et al. 2011).  
Based on the fundamental studies and the application of SIP measurement, 
researchers have pointed out several main mechanisms controlling SIP: stern layer 
polarization which is related to the electrical double layer theory and caused by the ions 
sorbed on stern layer and their tangentially movable along the surface under electrical 
current (Leroy, Revil et al. 2008) (Vaudelet, Revil et al. 2011) (Vaudelet, Revil et al. 
2011); membrane polarization which happens in the porous path ways between grain 
particles(Titov, Komarov et al. 2002) (Marshall and Madden 1959); and Maxwell-
Wagner polarization which is an interfacial polarization  controlled by different phases’ 
properties and responsible for the signals at higher frequencies(close or  above 1KHz) 
(Lesmes and Morgan 2001). 
Thus based on my observations on SIP especially laboratory scale studies,  it is 
not clear, however, what pore-scale mechanisms associated with or in contrast to 
microbes affect the bulk electrical properties of a porous medium.  Whether electrical 
signals are produced directly by the presence of microbes themselves, the alterations of 
the pore space and mineral surfaces due to direct or indirect interactions with microbes, 
or changes in the geochemical environment of mineral surfaces is still not clearly now.  
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All of these represent possible mechanisms responsible for the observed electrical 
signatures, but represent two distinct types of behavior.  First, grain polarization is a 
process related to the migration of charge around the surface of an individual grain.  This 
process is therefore highly dependent on conditions at the pore-mineral interface.  In 
contrast, membrane polarization is primarily associated the geometry of pores and the 
materials that fill them.  This research is therefore motivated by the need to understand 
the importance of each grain versus membrane polarization on the electrical properties of 
porous media.   
1.4 Summary of Research 
The main measurement technique used to study the electrical properties of porous 
media in this research is spectral induced polarization (SIP).  To support these 
measurements I use of atomic force microscopy (AFM) to directly characterize the 
electrical properties of grain surfaces at the micrometer scale. These tools are both 
directly sensitive to the electrical properties of mineral surfaces, but SIP provides an 
average measurement over a medium, whereas AFM allows for measurements upon 
individual grains.  Together these measurements therefore provide a unique opportunity 
to investigate mechanisms controlling the polarization signals of grains in porous media.  
The overarching research hypotheses posed in this work are: 
i)  If grain polarization is the primary mechanism affecting the electrical properties 
of porous media, then heterogeneities on the surface, not in the pore space, 
have effects on SIP signals. Heterogeneities on the surface of grains will 
therefore produce different SIP signals due to changes in surface electrical 
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properties.  Based on the electric double layer theory, the surface polarization 
signal depends on surface charge density and is thus highly dependent on the 
geochemical conditions of the subsurface. 
ii) SIP measurements collected during solute transport are expected to provide 
information about mass transfer between mobile and immobile domains 
and/or rates of surface geochemical reactions. 
iii) Surface biofilms are responsible for enhanced SIP signals because microbial 
produced EPS (extracellular polymeric substances) attached on surface as 
matrix form which increases surface roughness (biotic heterogeneities 
present) and surface ion adsorption. 
Chapter 2 investigates hypothesis i using experiments focused on evaluating the 
impact of physical modifications of grain surfaces on polarization signals, including 
etching, abiotic and biotic facilitated carbonate and iron oxide precipitation to change the 
surface roughness and area of the grains. These experiments were conducted on both 
silica gel and glass beads materials. By comparing the results of abiotic modifications on 
glass beads and silica gel, we found that the glass beads show very small level of 
complex conductivity signals, even after different types of modification. However, the 
silica gels show obvious different responses under modifications by iron oxide coating 
and calcium carbonate coating.  
Chapter 3 and 4 investigate the chemical alterations of the grain surface effect on 
SIP signals, here we focused the effect of surface ion density (Hypothesis i). In chapter 3, 
a column flow through experiment was performed on silica gel media while pumping 
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NaCl fluid into the column and changing the pH from 7 to 8 and finally to 10. The SIP 
results were fit by an electrochemical polarization model to estimate the surface ion 
density response with pH, and compared it with the output from surface complex 
modeling on the potentiometric titration data of the silica gel. By simulating the SIP 
response based on the calibrated surface complexation model, we found a moderate 
association between the measured and estimated imaginary conductivity. Based on the 
results from Chapter 3, in Chapter 4 we further investigate the surface ion density effect 
through a sodium adsorption process by injecting a 22Na tracer to in-situ monitor the Na 
adsorption in the column. Through this novel method, we could directly monitor the ion 
adsorption process and estimate the surface ion density change due to the inflow NaCl 
solution pH change from 5 to 6.5, then to 8. Using SIP measurement, we detected a very 
highly correlated imaginary conductivity response with the gamma activity response 
generated from 22Na in the column, which directly helps us confirm the theory that the 
surface properties control the SIP signals. Additionally, we found a close agreement 
between the surface density of sodium exchange sites measured directly by the 22Na 
tracer and that estimated by using Leroy et al.’s (Leroy, Revil et al. 2008) 
electrochemical polarization model, which is based on grain polarization. 
Chapter 5 explores the ability of SIP measurements to monitor mass transfer 
processes between mobile and immobile zones in porous media. Here a time dependent 
ion exchange experiment was conducted between sodium and calcium in a column 
packed with silica gel while the flow rate was systematically varied. In the experiment, 
we use 22Na as a tracer to record the breakthrough curves while sodium is added to the 
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column. The SIP results show distinctly different responses when sodium and calcium 
ions were present on surface sites of the silica gel. The independently measured 22Na 
activity in the column shows a similar rate dependent breakthrough curve on sodium and 
calcium exchange process. Mass transport modeling was then used to estimate the 
breakthrough curves, indicating that models with non-equilibrium transport phenomenon 
were required to reproduce the data. 
Chapter 6 changes the research direction to biological effect on SIP responses. 
Through conducting the abiotic and biotic induced calcite precipitation process in porous 
media, the time dependent SIP responses were compared. And the calcite was 
successfully precipitated on surfaces of glass beads in both cases. However, the 
imaginary conductivity displayed obvious different responses, the abiotic induced 
processes didn’t alter the complex conductivity very much, especially the imaginary 
conductivity, on the contrary, biotic calcite precipitation process obviously increased the 
imaginary conductivity. In both cases the real conductivity decreased which was 
consistent with the outflow fluid conductivity responses. 
Chapter 7 extends the study to investigate biotic effects in porous media, 
specifically the effect of biofilms on surface ion adsorption process. 22Na was again 
utilized as a tracer to monitor the ion adsorption process in these experiments. In order to 
control the experimental factors and create the best environment for bacterial growth, the 
pH of the column was kept constant at 7. During the column flow through experiment, 
the biofilm culture was grown in the column and SIP measurements were taken to 
monitor the surface electrical responses. The results show a moderate correlation between 
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the gamma response of 22Na in the column and the SIP measurement. Based on the 
outflow biomass result, the culture was not well established in the column, which could 
explain the peak missing phenomenon in both the time dependent SIP and the 22Na result. 
Chapter 8 investigates single grain polarization process using atomic force 
microscopy (AFM). A novel experimental setup was designed to measure the single grain 
polarization signals. By subjecting a grain immersed in a solution to an external AC 
electric field, the net polarization caused by migration of ions on the grain surface was 
measured by the deflection of a charged AFM tip. Initial results show a constant different 
trend on grain samples and controls, thus are highly promising. Some potential problems 
related to the experimental design may, however, have strongly influenced the results. 
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Chapter 2 Influence of grain surface modifications on the 
electrical response of porous media as observed with 
spectral induced polarization and Atomic Force Microscope 
measurements 
2.1 Abstract 
Spectral Induced Polarization (SIP) measurements are sensitive to microbial 
activities in porous media. There is a lack of understanding, however, on how membrane 
versus grain polarization mechanism controls SIP responses and whether these effects are 
directly or indirectly tied to microbial processes. Here we combine surface-sensitive, 
nano-scale polarization atomic force microscopy (AFM) techniques with column scale 
SIP measurements to bridge these scales and evaluate how modifications to grain 
surfaces affect the electrical properties of porous media. We have performed SIP 
experiments using glass beads and silica gel for four different abiotic modifications to the 
grains: (1) unaltered, (2) etched by HF acid, (3) calcite precipitated, and (4) iron oxide 
coated.  Images obtained by scanning electron microscope (SEM) qualitatively showed 
successful alteration of the surface of the grains for each experimental condition. Surface 
charge maps calculated using linearized Poisson-Boltzmann theory based on the force 
curve map from tip force map obtained with the AFM confirmed a generally low degree 
of fixed charge on the glass beads surfaces, with little change in surface charge for the 
etched beads and an apparent decrease in charge for the calcite treated beads. The 
different treated grains were tested by SIP measurement and the response shows calcite 
coated on grain surfaces has significant effect on polarization signals compared to other 
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treating process, which indicated the modification on surfaces by calcite changes the 
electrical properties related to surface conductivity which increases the SIP signals. 
2.2 Introduction 
Interest in the spectral induced polarization (SIP) method for investigation of 
environmental processes is growing. SIP is a promising method for minimally-intrusive 
three-dimensional imaging of porous materials and is sensitive to the presence of various 
types of contaminants in the subsurface (Vanhala, Soininen et al. 1992) (Flores Orozco, 
Kemna et al. 2012) (Deceuster and Kaufmann 2012) (Weller, Frangos et al. 1999). Many 
laboratory studies have been performed recently to demonstrate that SIP measurements 
are sensitive to microbial activities in porous media though modification of the interfacial 
properties of soils and the mineral surface areas (Ntarlagiannis, Williams et al. 2005) 
(Ntarlagiannis, Yee et al. 2005) (Davis, Atekwana et al. 2006) (Williams, Kemna et al. 
2009). 
The need to better understanding the effects of physicochemical phenomena in 
porous media on SIP responses has led to the proposal of various polarization 
mechanisms. Lesmes (Lesmes and Morgan 2001) describes electrochemical polarization 
mechanisms as being dependent upon the surface chemical properties of a mineral, but 
interfacial polarization mechanisms are function of the electrical properties of the phases, 
the porosity and the pore shape. Koch et al. tried to investigated the modification of pore 
space in porous media effect on SIP signals to test membrane polarization (Koch, Kemna 
et al. 2011), through changing the grain size distribution and compact level, the pore 
space has been changed, however, the SIP signals has been changed on relaxation time 
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but the factors changing in pore space complicated the interpretation of SIP effect finally. 
Thus SIP measurements therefore reflect multiple polarization mechanisms in soils.  
The purpose of this study is to characterize how changes to the physical 
characteristics of surfaces affect SIP responses. I use micrometer-scale data from surface 
sensitive atomic force microscopy (AFM) techniques and scanning electron microscopy 
(SEM) to assist in interpreting the SIP measurements made at the centimeter-scale. AFMs 
are commonly used for characterizing nanoscale characteristics of surfaces, including 
surface topography and the electrical properties. SEM provides direct visual evaluation 
on how the surfaces are modified under different ways. 
2.3 Materials and Methods 
Two types of experiments were conducted in this study.  In the first case, batch 
experiments were performed where glass beads and silica gel were subjected to four 
distinct treatments affecting their surface properties.  The second type was a flow 
experiment where a column packed with glass beads or silica gel was subjected to abiotic 
and biotically mediated precipitation of calcite.  In both cases, SIP measurements were 
conducted to evaluate changes in the bulk electrical properties of the treated materials.  
AFM and SEM measurements were completed on individual grains to evaluate how the 
SIP measurements were affected by modification of the grain surfaces.    
2.3.1 Grain treatments 
2.3.1.1 Batch Experiments 
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Glass beads (manufacturer: Sartorius Stedim) and silica gel (manufacturer: 
Sigma- Aldrich 236802, Grade 636) were used as porous matrix which have grain 
diameters ranging from 0.25-0.3 mm and 0.25-0.5 mm, respectively. These two kinds of 
particles are chosen here based on their similar materials but structural differences, which 
could be helpful for us to investigate the surface area effect on SIP measurement under 
asimply controlling experimental conditions. 
The fluid solution we use in this batch experiment for glass beads and silica gles 
are 0.001M/L and 0.01M/L NaCl solution respectively. 
The glass beads were modified in several different ways, to achieve four kinds of 
treatments:  
1. clean beads: surfaces remain unmodified. 
2. etched beads: the grains were immersed in hydrofluoric acid for 2 hours. 
3. iron oxide coated beads: the method provided by Szecsody (Szecsody, Zachara et 
al. 1994) was used to give the grains an iron oxide coating. Acid-washed silica 
beads were mixed with a ferric oxyhydroxide gel and allowed to equilibrate for 
approximately 24h at pH 7.5.  The mixture was then aged for approximately 3 
days, before washing with deionized water and letting the coated grains dry 
naturally. 
4. Calcite coated beads: beads were obtained through an independent flow through 
experiment by mixing CaCl2 and Na2CO3 solution into a column packed with the 
unmodified beads (the experiment is shown in next chapter), the precipitation 
happens according to the equation as below: 
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2 3 2 3( ) 2sNa CO CaCl CaCO NaCl+ = +                                      (2) 
And a representative SIP data is taken on fifth day of the column flow process for 
comparable to the SIP response of other treated beads. 
In addition to coating the silica gels with iron oxide, which were prepared following the 
same method described for the glass beads, we are also trying to investigate the 
membrane polarization versus surface polarization mechanism, as well as effect of the 
nano pores on SIP responses since they may play an important role on ion diffusion 
process from intra-granular to inter-granular area. Here we used three different calcite 
precipitation processes to modify the silica gel surfaces: 
1. Silica gel coated with slurry of commercially prepared calcite powder; 
2. Silica gel coated with freshly formed calcite crystals by mixing with the solution 
of CaCl2 and Na2CO3 and dried naturally; 
3. Silica gel surface precipitated with calcite crystal through a calcium carbonate 
saturated solution by evaporation; 
Given that the silica gels already have rough surfaces and contain substantial internal 
porosity, etching by hydrofluoric acid was not used as a treatment for the silica gel 
samples. 
2.3.2 SIP Measurements 
SIP measures the frequency dependent (typically below 1 kHz) electrical response 
of a porous media. The measured complex conductivity can be expressed as: 
                                        ( ) ( ) ( )iσ ω σ ω σ ω
∗ ′ ′′= +                                              (1) 
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where σ ′ is the real (conductive) part of complex conductivity that captures energy 
losses, and σ ′′ is the imaginary (polarization) part of complex conductivity that captures 
energy storage, and i= 1− .  The SIP measurement is made by applying a sinusoidal 
current source to a sample via two electrodes while monitoring the samples voltage 
response with two independent potential electrodes.  The difference in amplitude and 
phase between the applied and observed signals can be used to obtain the complex 
conductivity of the sample as a function of the frequency of the applied current.   
The experiments were conducted by packing the grains in a column shown in 
Figure 2.1 (length: 4.5cm, inner diameter: 2.54 cm) and saturating the sample with a 
100mg/L NaCl solution.  The calcite coating experiment, however, was conducted by 
injecting CaCl2 and Na2CO3 solution into the column simultaneously and measured the 
calcite precipitation process time dependently. Triplicates of all samples were prepared to 
account for experimental viabilities, such as differences in packing the columns.  SIP 
measurements were then performed on each of the columns.  
 SIP measurements were collected as phase and magnitude using a dynamic signal 
analyzer (PCI-4461, National Instruments, Austin, TX) operating over the frequency 
range of 0.01-1000Hz. Channel 1 of the signal analyzer was designated to record the 
applied current waveform by measuring the voltage response across a precision reference 
resistor in series with the column.  Channel 2 of the signal analyzer recorded the voltage 
response of the sample.  Both current injection and potential measurements were made 
using non-polarizing electrodes (12 gauge silver wires coated with silver chloride) that 
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were placed in blocks enclosing the sample column.  The general procedure is similar to 






Figure 2.1 Schematic diagram of the 




2.4.1 Surface Morphology 
Scanning electron microscopy (SEM) images indicate that the surfaces of silica 
gel and glass beads were successfully modified under the different treatments applied to 
the grains (Figure 2.2-4). Prior to the treatments, the glass beads are roughly spherical 
with surface area smaller than 40m2/g, whereas the silica gel grains are angular (Figure 
2.2) and contain a high internal porosity that contributes to the surface area of the grains 
(Table 2.1). This contrast in surface area is the primary reason why these two materials 




Figure 2.2 Scanning electron microscopy (SEM) images for unmodified glass bead and silica gel. 
 
 
Table 2.1 Surface area of different treated silica gel estimated by BET method 
Treatment on silica gel Surface 
area(m2/g) 
Untreated  511.51 
Iron oxide coated 477.90 
Coated with commercial carbonate 381.03 
Coated with calcite formed from solution reaction 348.53 
Coated with calcite by evaporation 276.27 
 
Figure 2.3a illustrates how the etching process qualitatively increased the 
roughness of the grain by pitting of the surface. The iron oxide coatings (Figure 2.3b) 
also increase surface roughness, but in this case by producing small particles covering the 
grains; in addition to changing the roughness of the surface, these iron oxide particles 
may also change the surface chemistry as well as the geometry of pore spaces and throats.  
Table 2.1 indicates that a small (~7%) decrease in the surface area of silica gel was 
caused by the iron oxide coatings (values for glass beads not measured).  One possible 
explanation for this decrease is that the coatings blocked access to the high internal 
porosity of the silica gel.   




Figure 2.3 Scanning electron microscopy (SEM) images of the treated samples: (a) etched glass bead, 
iron coated glass bead (b), and iron oxide coated silica gel (c). 
 
The calcite coatings were prepared in several different ways to evaluate whether 
how and where the calcite is added to the medium makes a significant difference to the 
electrical properties.  First, calcite was precipitated on the glass beads by mixing the 
grains packed in column while solutions of NaCO3 (aq) and CaCl2 (aq) flowing through and 
mixing in the column.  The distinct rhombohedral crystals produced by this mixture are 
evident in Figure 2.4a.   In contrast, the silica gel was placed in a low concentration 
calcium carbonate solution, which was allowed to evaporate to slowly concentrate the 
CaCO3 (aq) solution to the point of precipitation.  This procedure produced carbonate 
sheets covering entire grains (Figure 2.4b), thus effectively sealing the grains and 
substantially reducing access to the internal porosity of the silica gel.  This concept is 
supported by the large decrease (~46%) in surface area observed for this sample (Table 
2.1).  In the other two cases, prepared calcite particles were added to the sample.  The 
goal was to allow the calcite to fill the pore spaces as well as coat the grain surfaces.  
Because the age and exposure of the material to the atmosphere can affect its surface 
properties (e.g., (Flis and Kanoza 2006; Sykora, Koposov et al. 2010)), commercial 
calcite powder was used to produce a sample with “aged” calcite, whereas a sample with 
“fresh” mineral was prepared using calcite powder precipitated in the lab.  SEM images 
b c a 
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of these samples indicate that the calcite accumulated in aggregates on the grain surfaces 
with the calcite powder contributing substantial secondary porosity to the sample.  These 
modifications lead to a modest (25-32%) reduction of surface area, however, compared to 
the untreated silica gel grains.  Notably, the observed reduction in surface area was 
greater for these samples than that observed for the iron oxide coatings, which appeared 
to consist of individual crystals.  This finding may suggest that some degree of 
dissolution and precipitation of the calcite may have occurred, with the precipitate 
forming in areas that restrict access to the internal porosity of the silica gel. 
   




(b) Silica gel with calcite precipitated on surface from solution by evaporation 
  
(c) Silica gel coated with commercial calcite 
 
  
(d) Silica gel coated with calcite precipitated from solution 
Figure 2.4 Scanning electron microscopy (SEM) images of the different carbonate treatments for 
glass bead and silica gel 
In addition to examining the surfaces qualitatively with SEM, the surfaces of the 
glass beads were also scanned using AFM (imaging area of 20x20µm).  The AFM 
topography and deflection maps (Figure 2.5) indicate that both the iron oxide coated and 
etched glass beads have a higher degree of surface heterogeneity surface than the 
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untreated glass beads, whereas no significant difference is observed for the glass beads 
precipitated with calcite (Figure 2.5). The surface roughness for the etched glass bead is 
~311nm, but for clean glass bead it is just ~110nm.  
The density of fixed surface charge was also calculated from the AFM data using 
a linearized Poission-Boltzmann model. The resulting charge density maps indicate that 
neither the etching nor iron oxide coatings affected the electrical properties of the entire 
surface, though there do appear to be more local areas of high fixed charge in both cases.   
In contrast, there appears to be a more systematic increase in the fixed charge for the 
carbonate coated beads. 
 
 
Figure 2.5 AFM imaging of height, deflection and calculated surface charge density on modified glass 
beads in 0.001M NaCl solution. 











































2.4.1 Electrical Responses from SIP Measurements 
The result of comparison on SIP measurement of unmodified glass bead and silica 
gel is shown in Figure 2.6. The distinct difference response on imaginary conductivity 




Figure 2.6 Comparisons of real conductivity and imaginary conductivity responses of unmodified 
glass beads and silica gel in column scale, fluid conductivity of NaCl used for glass bead and silica gel 
are 2900µs/cm and 230µs/cm respectively 
The influence of the different surface treatments for the glass beads on the 
frequency dependent complex (real and imaginary) conductivity is shown in Figure 2.7. 
The results shown are averaged response for replicate measurements made in separately 
packed columns. There are not clear differences observed between the complex 
conductivity of the plain glass beads and that for the beads etched with acid or coated 
with iron oxides.  The AFM results indicated that both of these treatments affected the 
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surface roughness of the beads, however, which could affect ion mobility along the grain 
surface.  The change in roughness does not appear to have substantially affected the 
imaginary conductivity of the samples, though the real conductivity of the etched beads 
does appear to have experienced a significant decrease related to the large-scale pitting of 
the surface.  Though not significant, it is possible that the iron oxide samples may have a 
slightly increased the imaginary conductivity – an effect that could possibly be related to 
membrane polarization (i.e., blockage of pore throats).  The AFM results also indicated, 
however, that the etching and iron oxide treatments did not significantly change the 
surface charge density of the samples, which is likely to have an impact on the overall 
electrical response of the sample if grain polarization is a dominant effect (e.g., Leroy et 
al., 2008).   
Direct comparison of the complex conductivity of the calcite coated beads with 
the other treatments is difficult due to the nature of the experiments, i.e., the calcite 
coatings were formed in-situ during a column flow experiment under significantly higher 
pore water ion concentrations and, therefore, fluid electrical conductivities than the other 
treatments.  This effect is evident in Figure 2.7a as the real conductivity of the calcite 
treated samples is approximately an order of magnitude larger than that for the other 
treatments.  It is possible to normalize for the effect of fluid conductivity, however, by 
considering the formation factor (F = σ'/σf), where σ' is the real conductivity of the 
sample and σf is the fluid conductivity.  Figure 2.7b illustrates that the formation factor 
of the sample has decreased relative to other treatments, likely indicating a loss of 
porosity due to the precipitation of calcite in the pore spaces.  In contrast, the imaginary 
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conductivity of the sample depends on the fixed charge of the surface, which is 
independent of the pore fluid concentration, and can therefore be compared directly to the 
other samples.   
It is clear that the calcite coatings yield a significantly higher response for the 
imaginary conductivity, producing a peak in the spectra around a frequency of 1 Hz.  
Assuming that grain polarization is the dominant process, this frequency is roughly 
consistent with the relaxation frequency expected for a 0.2mm diameter sphere (e.g., 
(Lesmes and Morgan 2001)).  The systematic increase in the surface charge density of the 
calcite coated bead observed with the AFM supports this interpretation.  Given the nature 
of the flow experiment, however, it is also possible that the formation of calcite within 
the pore spaces of the sample could contribute to enhanced membrane polarization – i.e., 
pore throat blockages by the calcite grains could produce an effect similar to that 
frequently observed for clays in natural samples (Sumner 2012). Discrimination of 
whether the effect is a result of grain or membrane polarization requires additional 








Figure 2.7 Real conductivity, formation factor and imaginary conductivity responses of different 
modified glass beads in column scale, fluid conductivity of NaCl solution used for plain, etched and 
iron oxide coated bead: 260 µs/cm, for calcite coated bead: 6780 µs/cm 
 
The silica gel experiments provide an important contrast to the experiments 
conducted with the glass beads.  While the glass beads themselves show no significant 
polarization response, the untreated silica gel has a large imaginary conductivity due to 
this material’s high surface rea associated with internal grain microporosity.  Although 
the etching experiments were not conducted for the silica gel, the addition of iron oxide 
coatings produces a substantial decrease in imaginary conductivity without significantly 
affecting the real conductivity (Figure 2.8).  Given that the iron oxides possibly cause a 
small increase in imaginary conductivity for the glass beads, this behavior for the silica 
gel suggests a blockage of the microporosity by the iron oxides causing a loss of 
accessible surface area without significantly affecting the pore space itself.  This 
interpretation is consistent with the reduction in surface area of the treated sample 
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measured by the BET method and reported in Table 2.1.  Notably, the iron oxide particles 
do not appear to contribute to the enhancement of any membrane polarization effect in 
the sample. 
 
Figure 2.8 Imaginary and real conductivity responses of iron oxide coated silica gel and untreated 
silica gel, fluid conductivity 1090µs/cm. 
Figure 2.9 shows the SIP results for the silica gel coated with calcite powders. 
Two types of calcite powder were used to represent aged and fresh mineral: i.e., a 
commercial powder (aged) and a powder produced by precipitation immediately before 
use in the experiments (fresh). Replicate measurements are from independent repacked 
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samples. Both kind treatments produced substantial increases (a factor of 16 for the 
“aged” calcite vs. 27 for the “fresh” calcite) in the imaginary conductivity compared to 
the untreated silica gel.  The peak of the spectra measured for the “fresh” calcite powder 
also shifted from 0.1Hz to almost 1.0 Hz, indicating a shorter relaxation time for this 
sample.  The real conductivity also increased substantially for each sample, by factors of 





Figure 2.9 Imaginary and real conductivity responses of calcite coated silica gel and untreated silica 
gel, fluid conductivity 1090µs/cm. 
The SEM images of the surface of the “aged” calcite sample show that the 
particles appear to be packed together as aggregates and isolated on the surface.  In 
contrast, calcite grains in the “fresh” sample appear to be more widely distributed on the 
surface.  Given that the spatial scale of charge separation is one factor that the time scale 
of polarization relaxation is dependent on, this more diffuse distribution of calcite 
particles may help to explain the frequency shift of imaginary conductivity spectrum.  In 
both cases, however, the surface area measurements (Table 2.1) indicate that these two 
treatments both produced a decrease in surface area of around 30% relative to the plain 
silica gel.  If the calcite were itself electrically inactive, this decrease in effective surface 
area for the silica gel would suggest that the calcite should decrease the imaginary 
conductivity – similar to the case for the iron oxides.  This is the opposite of what is 
observed.  Instead, what occurs is an exceptionally large increase in imaginary 
conductivity.  Possible explanations for this effect are that the charged calcite particles 
participate in blocking pore throats to enhance membrane polarization effects or that the 
calcite enhances the surface charge of the silica gel (or contributes to net surface charge 
itself) to enhance the grain polarization effect.  
The silica gel that was coated with calcite via evaporative concentration of the 
solution may provide a means to help discriminate between these processes.  Examining 
the SEM image of these samples (Figure 2.4b) indicates that the calcite formed sheets 
encasing the silica gel grains, rather than individual calcite particles, thus seal the internal 
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porosity of the silica gel from the intergranular porosity.  As a result, the surface area of 
the sample decreased by approximately 46% compared to the untreated silica gel.  As 
before, the expected response if the calcite is not electrically active would be a substantial 
decrease in the imaginary conductivity.  Instead, substantial increases in both the real and 
imaginary conductivity are again observed with a similar magnitude to the samples 
treated with calcite powder (Figure 2.10).  Notably, when the calcite is dissolved by 
acidification, the complex conductivity of the sample is essentially identical to that of the 
untreated silica gel (Figure 2.10), indicating that the observed effect on the complex 
conductivity is not related to permanent structural changes, such as dissolution of the 
silica gel itself.    
Given that the calcite forms a smooth sheet in this treatment, it is unlikely that it 
could be contributing to blockages of pore throats in the same way as the distributed 
grains of the calcite powders might have.  Furthermore, if the calcite itself were a 
significant contributor to membrane polarization, then similar large increases in the 
imaginary conductivity might have been expected for case where glass beads were 
precipitated in the pore space during a flow experiment as the deposition of ample calcite 
was observed throughout the sample (Figure 2.4a).  While modest increases in imaginary 
conductivity were observed in that experiment (Figure 2.7), these changes were nowhere 
near the magnitudes observed for the silica gel.  Additionally, the real conductivity 
decreased for the glass beads, consistent with reduction of pore space by the precipitated 
calcite, rather than increasing as for the silica gel.  Substantial enhancement of membrane 
32 
 
polarization by the calcite therefore does not seem like a viable explanation for the 
observed increases in complex conductivity seen in Figures 2.9 and 2.10.    
One factor that should be accounted for in the analysis of these results is the 
potential for local dissolution of the calcite, even though we used solutions saturated with 
carbonate in our experiments.  For instance, it was found that when a sample of calcite 
coated silica gel were placed in a solution overnight, the fluid conductivity of a sample 
changed from 148 mS/cm to 2012 mS/cm, which clearly indicates dissolution of the 
calcite occurred.  Dissolution of calcite will increase both the ionic concentration and the 
pH of the pore water.  Given that surface charge, and therefore complex conductivity, of 
silica gel is known to be strongly dependent on pH (Zhang, Slater et al. 2012), it is 
possible that the dissolution of the calcite could be buffered by deprotonation of silinol 
groups on the silica gel surface.  In other words, it is possible that the presence of the 
calcite drive substantial increases in surface charge of the silica gel, even though there is 
an overall loss of surface area.  This unique coupling between the calcite and silica gel 
surface would produce an unusually large increase in both the real and imaginary 
conductivities that can be explained by the grain polarization mechanism, but would also 
be completely reversible when the calcite is removed.  While it is possible that the calcite 
could itself cause increases in grain polarization if it has a much greater surface charge 
than the silica gel, it is suggested here that the unique geochemical coupling between the 





Figure 2.10 Imaginary and real conductivity responses of calcite crystal precipitated, acidified and 
untreated silica gel, fluid conductivity of calcium carbonate saturated solution: 1040µs/cm. 
 
2.5 Conclusions 
The objective of this research was to explore the dependence of complex 
conductivity on membrane versus grain polarization mechanisms by physically 
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modifying the surfaces of glass beads and silica gels.  Etching the glass beads or coating 
them with iron oxide had little effect on the complex conductivity, whereas coating the 
beads with calcite produced a substantial increase in the measured imaginary 
conductivity.  Similar results were observed for the various treatments applied to the 
silica gel.  In this case, however, several different ways of coating the silica gel with 
calcite were explored.  While all three coating procedures produced large increases in 
complex conductivity, these were not consistent with the increases observed for the glass 
beads.  Furthermore, one coating procedure encased the silica gel in a smooth layer of 
calcite, which would not be expected to contribute substantially to enhancing membrane 
polarization in the sample.  Instead, a novel mechanism is proposed that geochemically 
couples the dissolution of calcite to the deprotonation of the silica gel, i.e., producing 
increased fixed surface charge that leads to an increase in complex conductivity.  The 
proposed mechanism is consistent with grain polarization being the primary cause of 
charge storage within these media.  Further studies exploring the relationship between the 
surface conductivity of the silica gel and pH could be performed to support the proposed 







Chapter 3 1Comparison of the surface ion density of silica 
gel evaluated via Spectral Induced Polarization versus Acid-
Base Titration 
3.1 Abstract  
Surface complexation models are widely used with batch adsorption experiments 
to characterize and predict surface geochemical processes in porous media. In contrast, 
the Spectral Induced Polarization (SIP) method has recently been used to non-invasively 
monitor in situ subsurface chemical reactions in porous media, such as ion adsorption 
processes on mineral surfaces. Here we compare these tools for investigating surface ion 
density changes during sodium adsorption on a silica gel surface. Continuous SIP 
measurements were conducted using a lab scale column packed with silica gel.  A 
constant inflow of a 0.05M NaCl solution was introduced to the column while the 
influent pH was changed from 7.0 to 8.0, and finally to 10.0 throughout the experiment. 
We observed an increase in the imaginary conductivity of the SIP measurements of 38.49 
±0.30 µS cm-1 as a result of the pH change. This increase is thought to be caused by the 
deprotonation of silanol groups on the silica gel surface caused by the rise in pH, 
followed by sorption of Na+ cations.  Fitting the SIP data using the mechanistic model of 
Leroy et al. (Leroy, Revil et al. 2008), which is based on the triple layer model of a 
mineral surface, we estimated an increase in the silica gel surface ion density of 26.9 
×1016 sites m-2.  We independently used potentiometric acid-base titration data for the 
silica gel to calibrate the triple layer model in FITEQL and observed a total increase in 
the surface ion density of 11.2 × 1016 sites m-2, which is approximately 2.4 times smaller 
                                                 
1 The manuscript of this chapter is being submitted for publication to Journal of Applied Geophysics 
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than the value estimated using the SIP model.  By simulating the SIP response based on 
the calibrated surface complexation model, we found a moderate association between the 
measured and estimated imaginary conductivity (R2= 0.65).  These results suggest that 
the surface complexation model used here does not capture all mechanisms contributing 
to polarization of the silica gel captured by the SIP data.  
3.2 Introduction 
Investigation of sorption processes at solid-liquid interfaces is very important for 
understanding the fate and transport of contaminants in the subsurface. Adsorption of 
protons, cations, anions and organic species can be closely linked with mineral or oxide 
surface charges and properties (Sverjensky 2005). Thus, understanding the electrical and 
chemical properties of surfaces is necessary for predicting geochemical processes.   
 The electrical double layer of oxide minerals and colloidal particles has been 
investigated for many years since it plays an important role in surface reactions and 
interfacial electrical phenomena (Davis, James et al. 1978) (Ohshima and Furusawa 
1998). Researchers have developed many surface complexation models (SCMs) based on 
different descriptions of the electrical double layer, such as diffuse layer and triple layer 
models which are currently widely used (Davis and Kent 1990).  These models originated 
to describe the equilibrium speciation of protons and metal ion adsorption to pure oxide 
adsorbents (Stumm, Huang et al. 1970) (Huang and Stumm 1973) and typically account 
for electrostatic effects.  They therefore assume that the local excess charges on mineral 
surfaces are balanced by electrolytes to form a diffuse layer of adsorbed counter ions 
(Sahai and Sverjensky 1997).   
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Researchers usually calibrate surface complexation models (SCMs) using batch 
studies, such as acid-base potentiometric titrations, or column flow through experiments 
in order to quantify these processes and predict the distribution of trace metals between 
sediment surfaces and pore fluids (Mesuere and Fish 1992; Katz and Hayes 1995; Davis, 
Meece et al. 2004; Estes, Arai et al. 2013; Zhao, Tong et al. 2014).  While traditional 
laboratory sorption tests are commonly used to evaluate the geochemical properties of 
sediments, they are limited in field application and unable to provide effective properties 
over large areas.  Furthermore, potentiometric titrations of minerals frequently observe 
hysteretic titration curves due to kinetically limited processes and quantification of the 
data is dependent on the theoretical basis of the model used (i.e. non-electrostatic, double 
layer, triple layer, or charge distribution models). Thus, the modeled parameters may not 
accurately reflect the physical reality of the system. In contrast, spectral induced 
polarization (SIP) is a minimally-invasive geophysical technique that has the potential to 
monitor surface geochemical processes over large regions of the subsurface on relatively 
short time scales (Vaudelet, Revil et al. 2011).  
Below 1 kHz, SIP measures the frequency (ω) dependent complex electrical 
conductivity of a porous medium σ*(ω), which can be expressed as: 
                                                   ( ) ( ) ( )iσ ω σ ω σ ω
∗ ′ ′′= +                                                (1) 
where σ ′ is the real (conductive) part of complex conductivity that captures energy 
losses, and σ ′′ is the imaginary (polarization) part of complex conductivity that captures 
energy storage which can be equivalently written in terms of a dielectric permittivity 
(σ ωε′′ = ), and i= 1− .  Polarization of a porous media is of particular interest here as 
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this phenomenon is closely tied to surface geochemical properties and likely to be useful 
for in-situ monitoring of contaminants (Lesmes and Frye 2001).  
One mechanism affecting the complex conductivity of a porous medium is grain 
polarization.  This phenomenon is related to the electric double layer associated with 
mineral surfaces.  It is hypothesized that ions tightly bound to the surface within the inner 
part of the double layer, i.e., the Stern layer, will migrate tangentially along the mineral 
surface under an applied electrical field to produce the imaginary conductivity measured 
by SIP (Lesmes and Morgan 2001) (Leroy, Revil et al. 2008).  These are the same ions 
attracted to the surface by electrostatic sorption processes described by SCMs.  The 
potential therefore exists to use SIP data as a surrogate for direct chemical measurements 
when evaluating subsurface geochemical parameters, such as surface charge density.     
In this study, we investigate sodium sorption processes on silica gel surfaces 
under transient pH conditions using SIP measurements. Based on the mechanistic 
complex conductivity model of Leroy et al. (2008), the primary parameters controlling 
grain polarization in a material with uniform grain size are the surface site density of the 
Stern and diffuse layers.  By fitting the SIP result to this model, we will estimate the pH 
dependent surface site density of the silica gel. Comparing this to estimates obtained with 
the triple layer model fit to potentiometric titration data, we will evaluate whether SIP 
measurements could be used to monitor pH dependent surface sorption process. 
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3.3 Theoretical Background 
3.3.1 Electrical triple-layer model  
Yates et al. (1974) introduced the triple layer model of a mineral surface as a site 
binding model at the oxide-water interface based on electrical double layer theory (Yates, 
Levine et al. 1974); we explain this model here in the context of our experiments with 
silica gel and a 1:1 NaCl electrolyte solution.  Silanol groups (
0SiOH> , where > refers 
to the terminal surface of the silica gel) contained on the silica gel surface are protonated 
in acidic solutions (pH < PZC, pH below the point of zero charge), giving the surface a 
positive charge and allowing for adsorption of anions.  In contrast, in basic solutions 
above the zero point of charge (pH > PZC) deprotonated sites predominate and cations 
are adsorbed to balance the surface charge. The complexation reactions can be written as:  
                                         0 2SiOH H SiOH
+ +≡ + ⇔≡                      K+                   (2) 
                                           0SOH H SO+ −≡ − ⇔≡                           K-                    (3) 
                                       0 0SiOH Na SiONa H+ +≡ + ⇔≡ +                 KNa                  (4) 
0
2SiOH H Cl SiOH Cl
+ − + −≡ + + ⇔≡                KCl                           (5) 
                                         
1
pH(pzc) (log log )
2
K K− += +
                                              (6) 
The complexation reaction at the interface between the solid surface and liquid 
forms an electrical double layer that consists of the Stern layer and diffuse layer.  As 
illustrated in Figure 3.1, the distribution of ions within these layers can be described 
using the surface charge density [µC/cm2] at the silica gel surface or o-plane (Qo), within 
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the Stern layer or β-plane (Qβ) where ions are strongly bound to the surface, and at the 
outer Helmholtz plane (OHP) or d-plane (Qd) where there is a transition to the diffuse 
layer within which ions are loosely bound to the surface.   
In the triple-layer model, the Stern layer is used to separate the solid surface from 
the diffuse layer, and the charge densities on surface are given by calculating the net 
proton  numbers consumed by all surface reactions (Davis, James et al. 1978):  
+ + - - - +
2 2([SiOH ] [SiOH -Cl ] [SiO ] [SiO -Na ]) /oQ F A= + − −                     (7) 
 and the charges in stern layer is given by(Davis, James et al. 1978):  
                                    
- + + -
2([SiO -Na ] [SiOH -Cl ]) /Q F Aβ = −                                         (8) 
Here F is the Faraday constant (9.65×104 C mol-1), A is the surface area of the particle 




Figure 3.1 Schematic description of the electrical triple layer model on silica gel surface (Davis and 
Leckie 1978) (Leroy, Revil et al. 2008) 
 
According to the Gouy-Chapman theory, the diffuse layer charge density is: 
                                               
1
f f d2
2C ε kT eψ
( ) sinh( )
π 2kTd
Q = −
                                            (9) 
where Cf is the bulk concentration of the counter ion in the diffuse layer [mol L-1], Ɛf is 
the relative dielectric constant of the electrolyte solution, for water, Ɛf=81Ɛ0, Ɛ0 is the 
absolute permittivity of free space (8.85×10-12 F m-1), k is the Boltzmann constant 
(1.381×10-23J K-1), T is the temperature (K), e is the elementary charge (1.6×10-19 C), and 
Ψd is the mean electrostatic potential at the outer Helmholtz plane; in some research 
studies , Ψd is assumed to be equal to the zeta potential at the shear plane (Leroy, Revil et 
al. 2008).  Based on the requirement for net charge balance: 
Q Q Q 0o dβ+ + =                                                            (10) 
The concentration of ions adsorbed on the surface is determined by the total 
surface site density of the silica gel, ΓT [sites m-2] is (Sahai and Sverjensky 1997): 
      
0
2 2([ ] [ ] [ ] [ ] [ ])
T
s A
SiOH SiOH SiOH Cl SiO SiO Na
A C N
+ + − − − ++ + + +Γ =
• •
            (11) 
where A is the specific surface area of the silica gel (m2 g-1), Cs is the concentration of 
silica gel in liquid (g L-1), and NA is Avogadro’s number(6.022×1023 atoms mol-1). The 
proportion of each component contributing to the total site density is controlled by pH.  
Since in this study we only consider pH conditions which are higher than the point of 
zero charge (pH > PZC), we assume that adsorption of Na onto the surface of silica gel 
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has the largest contribution to the surface ion density (i.e., [SiO—
Na+]>>[SiOH2+]+[SiOH2+-Cl-]).  The ion density for the Stern layer is given by sSiONaΓ  
and that for the diffuse layer is dNaΓ . Based on the triple layer model, programs like 
FITEQL can be used to estimate the adsorbed counter ions in Stern and diffuse layers as a 
function of pH and ionic strength(Hayes, Redden et al. 1991) (Westall 1982). 
3.3.2 Electrochemical polarization model 
When an external alternating electrical field is applied to a porous media, the 
charged ions in both the Stern and diffuse layers may migrate. The ions in the Stern layer 
are thought to move tangentially along the surface of grain as a result of the stronger 
electrostatic attraction to the surface in this region (Schwarz 1962).  In contrast, the ions 
in the diffuse layer are less strongly bound to the grain and their contribution to the 
polarization signal depends on their ability to bridge between grains, in which case they 
contribute to DC electrical conductivity rather than polarization.  
An early complex conductivity model developed by Schwarz (Schwarz 1962), 
focused on the electrical response of non-interacting spherical grains. Lesmes and 
Morgan (Lesmes and Morgan 2001) built on this and related models, to capture the 
influences of the Stern layer, diffuse layer, and interfacial (Maxwell-Wagner) 
polarization effects in a porous media.  The Lesmes and Morgan model assumes the form 
of a Debye relaxation (Eq.12), where the frequency dependent conductivity (σs) and 
permittivity (εs) responses of the Stern layer are given as a function of the dielectric 
permittivity of the grain (εg) and a time constant (τ). 
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ε ω τ ε
σ ε
ω τ ω τ
= =
+ +                                                      (12) 
Here ω is the angular frequency of the applied electric field. The grain permittivity is 
dependent on the particle radius (R), charge density of the Stern layer (Qβ), temperature 
(T), electronic charge (e= 1.6×10-19C) and Boltzman’s constant (k= 1.381×10-23J K-1).  
The relaxation time of the polarization (τ) is additionally dependent on the mobility (µ), 
or diffusion coefficient (D), of counter ions in the Stern layer:   













                                                  (13) 
Because Schwarz’s model did not consider DC surface conductivity when the 
grains are in contact with each other, Lesmes and Morgan applied O’Konski’s theory 
(O'Konski 1960) to generalize the conductivity of a single grain: 
σs* = [σs+σf(DC)] + iωεs 
                                
2






ε ω τ ε
σ σ ω
ω τ ω τ
∗  = + + + +                                        (14) 
where   
                                          





                                                             (15) 
The contribution of the diffuse layer was captured independently by these authors using 
Fixman’s theory, which produces a spectral response that is broader than a typical Debye 
relaxation (Fixman 1980).   
Building on these efforts, Leroy et al. (2008) derived a similar polarization model 
for a spherical grain from first principles that accounts specifically for the surface 
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chemistry of silica grains and sorption of a monovalent cation within the triple layer.  For 
a non-conductive mineral grain, the net complex conductivity is given by Equation 16, 
where the permittivity of the solid mineral is given by εm (note that for the conductivity 
of the grain σm=0) and the overall contribution of the triple layer is given by the complex 
variable .  Notably, mobile cations in the diffuse layer are assumed to contribute only to 
the DC conductivity (i.e., 
d
NaΓ is the equilibrium surface site density of adsorbed counter 
ions in the diffuse layer), and the ion mobility from diffuse layer is assumed here to be 
equal to that from stern layer.  Protons associated with water adsorbed to the mineral 
surface also contribute to the net DC conductivity (with an assumed contribution to the 
surface conductivity of 
0
Sσ (H+) = 2.4×10-9 S at 25°C) (Revil and Glover 1997; Leroy, 
Revil et al. 2008).  Surface contributions to polarization (i.e., the imaginary conductivity) 
in this model are therefore related only to the density of cations bound within the Stern 
layer (i.e., SSiONaΓ ). 
                                                     s s miσ σ ωε
∗ = +%                                                            (16) 









ωτσ µ µ σ
ωτ
+= Γ + Γ +
+
%                                  (17)     
Equations 14 and 16 represent the complex conductivity of a single grain.  To 
upscale these models to represent the net polarization response of a porous medium, the 
models must be convolved with the grain size distribution of the medium (Börner, 
Schopper et al. 1996; Lesmes and Morgan 2001). Additionally, interfacial polarization 
effects of the Maxwell-Wagner type must be accounted for, e.g., by applying the 
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Bruggeman-Hanai-Sen (BHS) effective medium theory (Bruggeman 1935; Hanai 1960; 
Sen, Scala et al. 1981; Lesmes and Morgan 2001; Leroy, Revil et al. 2008):  









)                                               (18) 
where σ ∗ is the net complex conductivity of the porous medium, sσ
∗) is the size-averaged 
complex conductivity of an individual grain, fσ
∗  is the complex conductivity of the pore 
fluid, ϕ  is the medium porosity, and D is a polarization exponent accounting for the 
shape of the grain (equal to 1/3 for spherical grains).  
3.4 Materials and Methods 
3.4.1 Experimental Setup 
A sketch of the column (length = 4.5cm, inner diameter = 2.54cm) used for our 
experiments is shown in Figure 3.2. The column was packed with silica gel (Sigma- 
Aldrich 236802, Grade 636), which the manufacturer specifications indicate has a grain 
size of 250-500µm and an internal pore diameter of 60Å.  The surface area of the silica 
gel was independently determined to be 511.51 ± 5.90 m2 g-1 using the BET method 
(Lowell 2004).  Before packing the silica gel into the column, it was soaked for 12 hours 
in a pH = 7, 50mM NaCl solution and was degassed in a vacuum chamber.  The silica gel 
was carefully wet packed in the column with a 50mM NaCl solution to make sure the 
column was saturated and did not contain air bubbles.  The porosity of the column was 
estimated to be around 68% from wet and dry weight measurement, thus resulting in a 
pore volume of about 14.4mL.  However, the top and bottom chambers of the column 
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contribute an addition 45mL of pore space, making the total column volume equal to 
104.4mL. 
The spectral induced polarization measurements are presented schematically in 
Figure 2.  Electrical measurements of both phase and magnitude were collected using a 
dynamic signal analyzer (PCI-4461, National Instruments, Austin, TX) operated over the 
frequency range of 0.01-1000Hz. Channel 1 was designated to record the current 
waveform by measuring the voltage response across a precision reference resistor in 
series with the column, whereas Channel 2 recorded the potential response of the sample. 
Both current injection and potential measurement electrodes were made from non-
polarizing silver wires (~Gauge 12) coated with silver chloride. The general procedure is 
similar to that described by Ntarlagiannis et al.. (Ntarlagiannis, Williams et al. 2005).  
 
 




3.4.2 Experimental Procedures 
After packing the column, a constant flow rate of 0.5mL/min was applied to the 
bottom of the column using a peristaltic pump, thus complete replacement of one pore 
volume of the column (including the reservoirs) requires approximately four hours, and 
the residence time within the silica gel packed column region is around 30 minutes.  For 
the first three days of the experiment, a solution containing 50 mM NaCl with a pH of 7.0 
was injected to the column, and then the pH of this influent solution was subsequently 
increased to 8.0 for 3 days, after which it was increased to a pH of 10 for the remainder 
of the experiment.  The entire experiment lasted for 46 days with a total of 258 pore 
volumes eluted through the column (or almost 4000 pore volumes considering only the 
silica gel sample).  SIP measurements were performed every two hours throughout the 
experiment. The pH and electrical conductivity of the inflow and outflow were recorded. 
Independent of the flow experiment, potentiometric titrations were performed on 
the silica gel at three different ionic strengths of NaCl solutions (0.005M, 0.05M and 
0.5M) and in the pH range 5-10. Titrations were performed using 1 g L-1 suspensions of 
silica gel in the desired ionic strength background. At the start of the titration acid, one 
large aliquot of 10 mM HCl was added to lower the pH. A N2(g) purge of the headspace 
was maintained throughout the experiment to minimize the impact of dissolved 
carbonate. The suspension was stirred for 1 hours prior to the start of a base titration 
curve with 10 mM CO2(g) free NaOH. During the titration 0.1 mL of NaOH was added 
followed by a 60 minute delay or an electrode stability of 0.1 mV min-1 prior to the next 
addition.  We subsequently used the program FITEQL to determine the number of Na+ 
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occupied sites on surface of the silica gel by fitting the titration data using a triple layer 
model.  A total site density of 5 sites nm-2 was assumed in the model consistent with the 
data from Leroy and Revil (2008). However, capacitance values for the outer and inner 
Helmholtz layers were fixed at 0.8 F m-2 and 1.7 F m-2, respectively, as opposed to the 
values of 0.2 F m-2 and 1.2 F m-2 used by Leroy and Revil (2008). 
3.5 Experimental Results 
Figure 3.3 shows the measured pH and electrical conductivity of the column 
influent and effluent throughout the experiment. As Figure 3b indicates that the influent 
pH was increased from 7 to 10, but the effluent pH remained at values around 8 until the 
end of the experiment.  This pH response indicates a strong buffering effect by the silica 
gel, allowing for enhanced sodium sorption on the surface (Eq.4). Notably, however, the 
measured outflow pH approaches a maximum of around 8.5, which is substantially lower 
than the inflow value.  While the silica gel buffering effect is one explanation for this 
observation, we also point out that the influent solution was not initially equilibrated with 
atmospheric CO2.  As a result, the transfer of carbon dioxide gas to the effluent. 
However, given the weakly pH buffered influent solution, one would expect equilibration 
with atmospheric CO2(g) to yield a significantly lower pH (around 5.6). Thus, the 
buffering of the pH by the silica gel is likely the dominant process. Regardless of whether 
these outflow pH values represent the true internal condition of the column or an artifact 
of the outflow measurements, it is clear that a change of at least 1.5pH units was achieved 




Figure 3.3 The pH and electrical conductivity responses of the influents and effluents: (a) fluid 
electrical conductivity; (b) pH. 
 
 The real and imaginary portions of the complex conductivity spectra are shown 
for representative times throughout the experiment in Figure 3.4.  Both the real and 
imaginary conductivities increase substantially over the course of the experiment.  These 
increases in complex conductivity are consistent with an increase in sodium sorption on 
the silica gel surface as the pH change drives deprotonation of silanol groups.  The rate of 
change of the real and imaginary conductivity is approximately constant throughout most 
of the experiment, though it is clear from Figure 3.5a that the rate was slower in the 
50 
 
initial phase while the influent pH was still below 10.  After approximately 225 pore 
volumes have been eluted through the column (i.e., about 40 days into the experiment) 
both the real and imaginary conductivity stabilize (Figure 3.5), indicating that the silica 
gel surfaces reach equilibrium with the resident pH of the injected fluid.    
 
Figure 3.4 The imaginary and real conductivity responses of certain days: (a) imaginary 





Figure 3.5 The peak of imaginary conductivity and the averaged real conductivity responses 




Figure 3.6 The frequency of the peak of imaginary conductivity response with pore volumes 
 
One interesting feature of the SIP measurements noted over the course of the 
experiment was a gradual shift in the peak of the imaginary conductivity spectra towards 
higher frequencies (Figures 3.4 and 3.6), indicating a reduced relaxation time.  According 
to Eq .13, the relaxation time is dependent on grain size and ion mobility within the Stern 
layer.  It does not seem likely that increasing the fixed charge of the surface would 
enhance ion mobility, given that individual ions would be more tightly bound to the 
surface.  In contrast, the silica gel used in this experiment contains a substantial 
intragranular porosity.  Fluids within the small diameter micropores (60 Å) of the silica 
gel would be largely immobile.  It is therefore likely that the surfaces first exposed to the 
pH change would be associated with the intergranular porosity between grains where the 
fluid is mobile.  Diffusion into the silica gel grains will limit the rate at which 
deprotonation and sodium sorption may occur at the silanol sites in these regions.  Even 
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though the actual grain size of the silica gel did not change over time, our data suggest 
that the average grain size contributing to the SIP measurement decreased over time as a 
larger and larger portion of the intra-granular surface area was brought to equilibrium.  
Additional studies investigating the role of mass transfer between the mobile and 
immobile regions of the pore space could be performed to further understand this 
phenomenon.  
Figure 3.7 shows the best fit of the Leroy et al. (2008) model (Eq.16-18) directly 
to the SIP data for four representative pH values.  The model is able to fit the shapes and 
magnitudes of the spectra well.  However, the position and width of the spectra shifted 
and broadened with pH requiring an increase in the log-normal variance of the grain size 
distribution (reported as a unitless log-parameter in Table 3.1) to fit the data.  The 
resulting shift in the mean of the grain size distribution to higher values, which is the 
opposite of the micropore activation discussed previously, may present a limitation of the 
Leroy et al. (2008) model, which does not account for the broadening of the spectra 
through the influence of the diffuse layer, an effect noted by Lesmes and Morgan (2001).  




Figure 3.7 Comparison of SIP result (dots) with electrochemical polarization Model fit result (solid): 
(a) imaginary conductivity and (b) real conductivity 
3.6 Comparison of SIP results with surface complexation model  
In order to test our hypothesis that the observed SIP response is caused by 
deprotonation of the silanol sites and sorption of Na+, we performed an independent acid-
base titration of the silica gel to develop a geochemical model of the surface site 
distribution.  We performed a set of acid-base titrations on the silica gel for three 
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different ionic strengths ([NaCl] = 0.005M, 0.05M and 0.5M) and fit the data to a triple 
layer model of the surface using the nonlinear, least-squares fitting program FITEQL.   
The triple-layer model includes five parameters, K-, K+, inner layer and outer 
layer capacitances (C1 and C2), and total site concentration.  Based on research by Kim in 
1990, the inner layer capacitance C1 should be kept in the range of 0.1 to 2.0 F/m2 
(Hayes, Redden et al. 1991). The silanol site density for silica is assumed to be 4.6/nm2 
from 3H-exchange experiments (Sahai and Sverjensky 1997) (Yates, Levine et al. 1974). 
For both fitting the titration data with FITEQL and predicting site density changes with 
pH, we assumed that all the available surface sites on silica gel surface are occupied by 
adsorbed H+ and OH- (Sahai and Sverjensky 1997).  Our data were fit as shown in Figure 
3.8 using the parameter values: log K+=2.29 (Eq. 2), log K-=-7.60 (Eq. 3), C1=1.7 F/m2, 
and C2=0.8 F/m2.   
 
Figure 3.8 FITEQL model fit to surface titration data on silica gel in 0.005M- 0.5M NaCl. Values for 




Figure 3.9 FITEQL estimated surface stern layer and diffuse layer of Na+ occupied site density 
response with pH 
Given the geochemical model of surface speciation obtained by fitting the acid-base 
titration data, the density of sodium sorption sites in the Stern and diffuse layer can be 
estimated based on Eqs. (7)- (10) (shown in Figure 3.9). These parameter values can then 
be used within the complex conductivity model of Leroy et al. (2008) to predict the SIP 
response of the silica gel.  Comparisons between the geochemically predicted SIP spectra 
and the observed spectra are shown in Figures 3.10 and 3.11.  Given that the predictions 
were made based solely on the geochemical measurements used to parameterize the 
Leroy et al. (2008) complex conductivity model, there is a reasonably good agreement 
between the predictions and observations.  The real conductivities are over-predicted by 
the titration data at low pH and the imaginary conductivities are under-predicted at high 
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pH.  Despite the systematic misfit of the imaginary conductivity data (Figure 3.11a), 
there is a moderate degree of correlation (R2=0.65) between the SIP measurements and 
geochemically-based predictions, indicating that the geochemical modeling effectively 
captures the polarization mechanisms in the silica gel.  Direct comparisons between the 
observed and predicted values of the peak imaginary conductivity and average real 
conductivity are shown as a function of pore volume in Figure 3.12.  This figure also 
emphasizes the overall reasonable prediction of the imaginary conductivities.  In contrast, 
the relative insensitivity of the real conductivity to pH in the FITEQL model indicates 
that the diffuse layer site density, which mainly contributes to the real imaginary 
response, is not well captured by the geochemical titration data. This is proposed to be 
due to potential differences between the theoretical basis of the model assuming 
electrostatic interactions of Na+ ions compared with a more realistic description wherein 
the Na+ ions within the double layer have a range of distances from the silica gel terminal 
surface. Several demonstrations of this phenomena have recently been described for 
monovalent ion interactions with mica surfaces ((Fenter, Park et al. 2007), (Fenter, Park 
et al. 2008), (Lee, Fenter et al. 2012)).  However, to capture this distribution, an 




Figure 3.10 Comparison between the SIP measurements (dots) and FITEQL prediction (solid) of the 





Figure 3.11 Correlations between the peak of the imaginary conductivity (a) and average real 
conductivity (b) at each measurement point for the SIP and FITEQL predicted responses.  
 
 
Figure 3.12 Comparison SIP measurement of peak of imaginary conductivity (a) and average real 
conductivity (b) response with FITEQL predicted  
(b) (a) 
y = 0.2681x + 3.0128 
R² = 0.6453 
 
y = 0.0388x + 2782.4 





A comparison between the Na+ ion bound surface site densities obtained by fitting the 
SIP data to the Leroy et al. (2008) model versus that obtained from the acid-based 
titration is given in Table 3.1.  The Na+ ion bound site density of the Stern layer is 
overestimated by the titration data relative to the SIP data at low pH, but underestimated 
at high pH.  It is likely this is an artifact of the model not accounting for specific surface 
complexation of Na+ ions with increasing pH. This difference is the explanation for the 
mismatch between the imaginary conductivity spectra predicted using the FITEQL model 
versus the spectra measured by SIP in Figure 3.8.  In contrast, the diffuse layer density 
estimated by the titration data is always higher than that obtained from the SIP data for all 
pH values and shows a small degree of variability (Table 3.1).  Again, this is consistent 
with the mismatch observed for the real conductivity spectra in Figure 3.9 and is 
indicative of the insensitivity of the acid-base titrations to the diffuse layer site density.   
Table 3.1Comparison of Calculated from titration and expected parameter values for the SIP model 
 
Experiment condition Stern Layer(Sites/m2) Diffuse Layer(Sites/m2) Grain Variance 
SIP Titration SIP Titration 
Start(pH 7.0) 8.00E+15 9.12E+15 1.45E+18 2.87E+18 3.00E-1 
pH7.5 1.29E+16 2.92E+16 1.55E+18 2.91E+18 3.2E-1 
pH 8.0 7.6E+16 6.57E+16    1.85E+18 2.94E+18 3.85E-1 





This study investigated whether SIP measurements can be used to capture equivalent 
information to that obtained from geochemical sorption experiments – specifically an 
acid-base titration.  SIP measurements successfully monitored the surface adsorption of 
sodium cations as the influent pH was raised during a column flow experiment with silica 
gel.  These measurements were fit well by Leroy et al. 2008 model for complex 
conductivity. In contrast, a triple layer model was fit to the silica gel titration data using 
the software FITEQL to estimate the Stern and diffuse layer ion density changes as a 
function of pH.  These values were then used with Leroy et al. 2008 model to allow for 
direct comparison with the SIP measurements.  We found that the polarization response 
(i.e., imaginary conductivity) of the silica gel was highly correlated with predictions 
based on the geochemical titration data.  However, in this particular experiment, we 
experienced a problem with directly evaluating the pH within the column, which may 
explain systematic errors observed in matching the imaginary conductivities.  The 
sorption model developed from the titration data was insensitive to changes in the diffuse 
layer site density, which led to a lack of change in the predictions of the SIP response.  
This is in direct contrast to the SIP measurements, where an increase in the real 
conductivity of the silica gel with pH was clearly apparent and, as shown from 
independent measurements of the column influent and effluent, was not associated with 
changes in pore fluid conductivity.  Our results therefore suggest that polarization 
measurements made with SIP are able to capture changes associated with ions that are 
tightly bound to the mineral surface, i.e., are bound to the surface as inner sphere 
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complexes within the Stern layer.  Changes in ion density within the diffuse layer, which 
contribute to the DC real conductivity of in SIP measurements, are not captured by the 
acid-base titration.  Our work therefore suggests that SIP data may not only provide 
information relevant to geochemical modelers, but it may in fact provide meaningful 
information about surface processes that are not captured by the sorption model 
developed from potentiometric titration data in this work. Additional studies examining 
specific binding of ions at mineral-water interfaces (i.e. formation of inner versus outer 

















Chapter 4 An Evaluation of Surface Sorption Processes 
using Spectral Induced Polarization and a 22Na Tracer  
 
4.1 Abstract 
There is increasing interest in using Spectral Induced Polarization (SIP) as a tool 
for non-invasively monitoring subsurface chemical reactions, including ion sorption to 
mineral surfaces. Here we investigate underlying mechanisms which control SIP signals 
through a pH dependent surface adsorption experiment.  Specifically, we monitor the 
sorption of sodium on silica gel surfaces using a laboratory-scale column experiment as 
the pH of the column influent is raised from 5.0 to 6.5, and finally to 8.0, but the 
composition of the 0.01M NaCl solution is otherwise unchanged.  Through the SIP 
measurements we observe a substantial increase in the imaginary conductivity of the 
column (17.82±0.07µS/cm) in response to the pH change.  We interpret this increase to 
be caused by the deprotonation of silanol groups on the silica gel surface and subsequent, 
sorption of Na+ cations. To confirm our interpretations we independently evaluated the 
accumulation of Na+ in the column using a 22Na tracer, which can be non-invasively 
monitored using gamma radiation emitted as a result of radioactive decay.  We observed 
an accumulation of 22Na in the column as a result of the pH increase, which is consistent 
with our interpretation of sodium sorption on the silica gel surfaces.  We find a strong 
quantitative association between the imaginary conductivity and gamma measurements 
throughout the experiment (R2=0.99), conclusively demonstrating the importance of the 
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grain polarization mechanism for SIP measur2ements.  Using a 22Na mass balance we 
also estimate that the pH change increased the number of surface sorption sites for 
sodium by 5.13×1016 sites/m2.  By fitting our data with the mechanistic SIP model of 
Leroy et al.(Leroy, Revil et al. 2008), which is based on the triple layer model of a 
mineral surface, we estimated an increase of 13.22×1016sites/m2, which is approximately 
2.8 times of the value estimated using 22Na.  
4.2 Introduction 
Understanding geochemical processes acting at grain surfaces is of first-order 
importance for predicting the fate and transport of metals in porous media.  While tools 
like the atomic force microprobe (AFM) are now widely available to study these surfaces 
in detail(Maurice 1996; Scheidegger and Sparks 1996; Sparks 1999), the measurements 
are highly invasive in that a porous medium must be destroyed to provide the instrument 
access to measure individual grain surfaces.  As a result, most studies continue to monitor 
changes of individual chemical species in the pore fluid through batch or outflow 
experiments to infer surface processes(Limousin, Gaudet et al. 2007),(Zeng, Wilson et al. 
2014).  The development of non-invasive measurement tools that provide direct insights 
to surface geochemical processes could significantly benefit the field of surface science.   
Induced polarization (IP) measurements provide a direct linkage to surface 
properties through the electrical complex conductivity, which is a property of the material 
that is associated with charge transport and storage (Schwarz 1962; Weller, Slater et al. 
2010; Weller, Slater et al. 2013).  The sensitivity of IP to mineral surface area has been 
                                                 
2 The manuscript of this chapter is submitted for publication to Environmental Science &Technology. 
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leveraged by geophysicists for decades to non-invasively search the rocks for metallic 
minerals emplaced as disseminated ore bodies and locate clay zones in aquifers(Vacquier, 
Holmes et al. 1957; Marshall and Madden 1959; Van Voorhis, Nelson et al. 1973; 
Ghorbani, Cosenza et al. 2009; Jougnot, Ghorbani et al. 2010).  Only recently, however, 
have geophysicists placed a significant interest in using IP measurements to study the 
non-conductive silicate minerals typically of importance in environmental and 
contaminant fate and transport problems(Olhoeft 1985; Börner, Schopper et al. 1996; 
Revil and Glover 1998; Vanhala, Eeva et al. 1998; Lesmes and Morgan 2001; Slater, 
Ntarlagiannis et al. 2006; Cosenza, Ghorbani et al. 2007; Leroy, Revil et al. 2008; Revil 
and Florsch 2010).  
Spectral Induced Polarization (SIP) measures the frequency dependent (typically 
below 1 kHz) electrical response of a porous media. The measured complex conductivity 
can be expressed as: 
                                         ( ) ( ) ( )iσ ω σ ω σ ω
∗ ′ ′′= +                                                (1) 
where σ ′ is the real (conductive) part of complex conductivity that captures energy 
losses, and σ ′′ is the imaginary (polarization) part of complex conductivity that captures 
energy storage, and i= 1− . 
Polarization (or charge storage) is the electrical process of most relevance for 
studying mineral surface processes.  One mechanism leading to polarization in a non-
metallic porous medium is the accumulation of charge at pore throat constrictions, where 
the overlapping electrical fields from charged surfaces act as an ion selective membrane.  
While this membrane polarization effect is considered to be a likely mechanism for 
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charge storage in non-conductive materials(Titov, Komarov et al. 2002),(Sumner 2012), 
polarization of ions within the diffuse layer provides a competing mechanistic 
hypothesis(DUKHIN and SHILOV 2002).  In this case, it is thought that when an electric 
field is applied to ions bound within the Stern layer, the ions migrate tangentially to the 
mineral surface leading to charge separation across individual grains (see Lesmes and 
Morgan(Lesmes and Morgan 2001) and references therein).  This latter theory of grain 
polarization is appealing in that it is more directly linked to the geochemical processes of 
the surface itself, such as sorption.     
Schwarz developed a mechanistic model for the complex conductivity of isolated 
spheres based on grain polarization of the electrochemical triple layer(Schwarz 1962).  
The model was later extended to SIP measurements of a porous medium by Lesmes and 
Morgan(Lesmes and Morgan 2001), and modified to explicitly account for surface 
chemistry by Leroy et al. (2008)(Leroy, Revil et al. 2008).  Innovative experiments also 
empirically demonstrated the importance of charge migration along mineral surfaces, 
such as Scott’s (2006) use of agar gel solutions to eliminate membrane polarization 
effects, Zhang et al. (2012) investigated the SIP response’s dependence on hydroxide 
concentration controlled by pH changes of the solution(Scott 2006; Zhang, Slater et al. 
2012).  Despite these advances, uncertainties remain regarding the actual mechanisms 
linking surface electrochemical processes and observed electrical responses.  Skold et al. 
(2011), for example, recently discussed proton hopping along silicate surfaces as an 
additional mechanism contributing to charge polarization in porous media that could act 
in addition to ion migration within the Stern layer(Skold, Revil et al. 2011).   
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Motivated by Zhang et al.’s (2012)(Zhang, Slater et al. 2012) research of pH 
dependent hydroxide adsorption effects on SIP signals, we use a novel approach to non-
invasively sense charge accumulation on the surfaces of silica gel by using the isotope 
22Na as a tracer.  Detection of gamma radiation emitted by the radioactive decay of 22Na 
(half-life = 2.60yrs) can be used to estimate the total mass of sodium within an 
experimental column.  By manipulating the pH of the influent solution to the column, we 
deprotonate silanol groups to produce negatively charged surface sites where additional 
sodium ions can sorb.  Since the sodium content of the pore water is not changed 
throughout the experiment, comparing the estimated mass of sodium in the column 
before and after the pH change (via 22Na) provides a direct measure of the number of 
additional sodium ions bound to the surface.  Comparing the results of the SIP 
measurements with the 22Na results will provide direct empirical evidence for how the 
surface electrical properties and sodium sorption are affected by the pH change.  These 
results will further be used to evaluate the validity of the triple layer electrochemical 
model of surfaces as it is applied within the mechanistic IP model of Leroy et al.(Leroy, 
Revil et al. 2008). 
4.3 Electrochemistry and polarization mechanisms of silica gel grains 
4.3.1 Silica gel surface reactions  
Silica surfaces contain silanol groups (>SiOH, where > refers to the framework of 
the silica gel) which control the surface charge and sorption behavior of silica gel.  These 
groups can be protonated in acidic solutions (pH < PZC, i.e., pH below the point of zero 
charge) making the surface positively charged.  In contrast, a proton is lost from the 
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silanol group in basic solutions (pH > PZC) making the surface negatively charged and 
facilitating cation sorption.  The deprotonation reaction (3) could be written without the 
counter sorbing Na+ cation but this formalism is used here as it is more representative of 
the process occurring in the experimental systems discussed below. (Revil, Pezard et al. 
1999): 
                               
0SiOH SiO H− +≡ ⇔≡ +                                                   (2) 
                               
0 0SiOH Na SiONa H+ +≡ + ⇔≡ +                                      (3) 
The sorption of sodium ions on the surface occurs through electrostatic attraction 
to the negative fixed surface charge or exchange with the proton from ≡SiOH, which can 
be described by the electrical double layer theory for solid-liquid interfaces(Delgado 
2001).  The diffuse portion of the double layer contains an enhanced concentration of 
cations or anions (depending on the surface charge) relative to the bulk water. However, 
these ions are not strongly bound to the surface and are readily exchange with the bulk 
solution. The triple layer model of a surface expands on the double layer theory by 
including a region adjacent to the solid known as the Stern layer where ions are more 
strongly bound than in the diffuse layer(Davis, James et al. 1978).  As the pH of a 
solution is increased, the ion density in both the Stern and diffuse layers (i.e., 
s
NaΓ  and 
d
NaΓ  respectively) also increases.  Changes in surface ion density are in turn linked to the 
complex electrical conductivity of a surface(Leroy, Revil et al. 2008).  
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4.3.2 Electrochemical polarization  
When an external alternating electrical field is applied to a porous medium, 
charged ions migrate to oppose the field.  If ions bound to mineral grain surfaces are 
allowed to migrate, the shift in net charge distribution within both the Stern and diffuse 
layers may cause the surface of a grain to become polarized.  The relative contribution of 
each region to an electrical response is dependent on the relative number of ions in each 
layer and connectivity between grains for the diffuse layer.    Lesmes and Morgan 
described a model capturing influences on the complex conductivity from the Stern layer, 
diffuse layer, and interfacial (Maxwell-Wagner) polarization effects(Lesmes and Morgan 
2001).  To describe the polarization behavior of the Stern layer, these authors used the 
Schwarz model for non-interacting spherical grains.  As a result of the stronger 
electrostatic attraction to the surface within the Stern layer, Schwarz assumed that ion 
motion is tangential to the grain surface(Schwarz 1962). His model assumed the form of 
a Debye relaxation (Eq.4), where the frequency dependent conductivity (σs) and 
permittivity (εs) responses of the Stern layer are given as a function of the dielectric 
permittivity of the grain (εg) and a time constant (τ). 
                                        
2





ε ω τ ε
σ ε
ω τ ω τ
= =
+ +                                                      (4) 
Here ω is the angular frequency of the applied electric field. The dielectric permittivity of 
the grain is dependent on the particle radius (R),  charge density of the stern layer (Σs), 
surface ionic mobility (µ), Diffusion coefficient of counterions in the fixed layer (D), 
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temperature (T), and electronic charge (e= 1.6×10-19C) and Boltzman’s constants (k= 
1.381×10-23J K-1):   













                                                  
(5) 
Because Schwarz’s model did not consider DC surface conductivity when the grains are 
in contact with each other, Lesmes and Morgan applied O’Konski’s theory(O'Konski 
1960) in Schwarz’s model to generalize the conductivity of a single grain(Lesmes and 
Morgan 2001; Leroy, Revil et al. 2008): 
                                  
2




s f DC i
ε ω τ ε
σ σ ω
ω τ ω τ
∗  = + + + +                                        (6) 
where   





                                                                (7) 
The contribution of the diffuse layer was captured independently by these authors using 
Fixman’s theory, which produces a spectral response that is broader than a typical Debye 
relaxation(Fixman 1980).   
Building on these efforts, Leroy et al. (Leroy, Revil et al. 2008) derived a 
polarization model for a spherical grain from first principles that accounts specifically for 
the surface chemistry of silica grains and sorption of a monovalent cation within the triple 
layer.  For a non-conductive mineral grain (i.e., m=0), the net grain complex 
conductivity is given by Equation 8, where the permittivity of the solid mineral is given 
by m and the overall contribution of the triple layer is given by .  Notably, mobile 
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cations in the diffuse layer are assumed to contribute only to the DC conductivity (i.e., Γd 
is the equilibrium surface site density of adsorbed counterions in the diffuse layer).  
Protons associated with water adsorbed to the mineral surface also contribute to the net 
DC conductivity (with an assumed contribution to the surface conductivity of 
0
Sσ (H+) = 
2.4×10-9 S at 25°C)(Revil and Glover 1997; Leroy, Revil et al. 2008).  Surface 
contributions to polarization (i.e., the imaginary conductivity) in this model are therefore 
related only to the density of cations bound within the Stern layer (i.e., Γs). 
                                                       s s miσ σ ωε
∗ = +%                                                            (8) 
02 [ (H )]
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To upscaling these single-grain models to obtain the net polarization response of a 
porous medium, the modeled response for an individual grain size is convolved with the 
grain size distribution of the medium(Börner, Schopper et al. 1996; Lesmes and Morgan 
2001). Interfacial polarization effects of the Maxwell-Wagner type are then accounted for 
by applying the Bruggeman- Hanai- Sen (BHS) effective medium theory(Bruggeman 
1935; Hanai 1960; Sen, Scala et al. 1981; Lesmes and Morgan 2001; Leroy, Revil et al. 
2008):  









                                             (9) 
where σ* is the net complex conductivity of the porous medium,  is the complex 
conductivity of a single grain,  is the complex conductivity of the pore fluid, ϕ is the 
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medium porosity, and D is a polarization exponent accounting for the shape of the grain 
(equal to 1/3 for spherical grains).  
4.4 Materials and Methods 
4.4.1 Experimental Setup 
The experiments were conducted by injecting a 22Na spiked solution with varying 
pH through a column continuously while the SIP response and gamma ray emissions 
were monitored under flow conditions.  A schematic of the column (length: 4.5cm, inner 
diameter: 2.54 cm) used for our experiments is shown in Figure 4.1. The column was 
packed with 35-60 mesh silica gel (Sigma- Aldrich 236802, Grade 636), which has grain 
diameters ranging from 250-500µm, a Brunauer- Emmett- Teller (BET) surface area of 
511.5±5.9 m2/g, and a large intragranular porosity of 38% with an internal pore diameter 
of 60 Å.   
Spectral induced polarization measurements were collected as phase and 
magnitude using a dynamic signal analyzer (PCI-4461, National Instruments, Austin, 
TX) operating over the frequency range of 0.01-1000Hz. Channel 1 of the signal analyzer 
was designated to record the current waveform by measuring the voltage response across 
a precision reference resistor in series with the column, whereas Channel 2 recorded the 
voltage response of the sample. Both current injection and potential measurements were 
made using non-polarizing electrodes (12 gauge silver wires coated with silver chloride) 
that were placed in blocks enclosing the sample column.  The general procedure is 
similar to that described by Ntarlagiannis et al.(Ntarlagiannis, Williams et al. 2005).  
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A sodium-iodide scintillation detector (BICRON, Canaan, CT) combined with 
Universal Radiation Spectrum Analyzer (URSA-II, SE International, Summertown, TN) 
in multi-channel scaling mode were used to continuously monitor the activity of 22Na in 
the column throughout the course of the experiment.  The detector was surrounded with 
lead shielding to lower the background count rate. An approximately 2 cm gap was left 
open to face the column and collimate the gamma rays resulting from annihilation of the 
22Na positron. The detector range was fixed such that only the full energy 511 keV 
gamma rays were counted to avoid complications from compton scattering.  The mass of 
22Na within the column can be directly related to the decay count rate as inferred from the 
gamma rays observed by the detector.  The efficiency of the detector was calibrated using 
three known concentrations of 22Na spike measured using the same column and type of 
silica gel used in the experiments. The gamma ray spectrometer facilitated non-
destructuve measurement of 22Na within the column. Liquid scintillation counting was 
used to determine the 22Na concentration in the effluent as discussed below. Thus, the 
nature of 22Na decay which produces a positron and two 511 keV gamma rays allows for 
relatively simple analysis of 22Na both in the column and in the effluent. 
A peristaltic pump was used to fix the flow rate entering the bottom of the column 
at 0.7-0.8mL/min throughout the experiment.  At all times the inflow was composed of a 
0.01M NaCl solution prepared as a single 10L stock solution to avoid fluctuations in 
concentration associated with solution preparation methods.  Experiments were run at pH 
5, 6.5, and 8 (referred to as phase I, II, and III, respectively, below) and at each phase the 
stock solution was stirred wihle open to the atmosphere or amended with Na2CO3 to 
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prevent pH changes induced by dissolution of atmospheric CO2(g).   Initially the pH of 
the influent was conditioned to 5.0 using HCl.  Once the SIP measurements indicated that 
the column was at equilibrium with the influent stock solution, phase I of the experiment 
was initiated by spiking the inflow stock solution with 1Ci/L 22Na.  After the gamma 
ray measurements indicated that the column was at equilibrium with the spiked solution 
andelectrical steady state in the colun shown by SIP measurement, phase II of the 
experiment was initiated by adjusting the pH of the influent to 6.5 using NaOH.  When 
the SIP and gamma ray measurements stabilized, phase III of the experiment commenced 
by further adjusting the influent pH to 8.0 using Na2CO3.  Aliquots of the column outflow 
were collected throughout the experiment and analyzed (along with samples of the 
influent solution) for 22Na using liquid scintillation counting (Tri-Carb Liquid 
Scintillation Analyzer, 2910 TR Perkin Elmer, Waltham, MA).  
 
Figure 4.1 Schematic diagram of the experimental setup showing column design with electrode 
configurations and the NaI gamma radiation detector setup (lead shielding surrounding the detector 
is not shown) 
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4.4.2 Transport Model  
While the geometry of the column is meant to represent a one-dimensional flow 
system, the reservoirs at the top and bottom of the column produce some mixing.  We 
therefore simulate 22Na transport with a one-dimensional advection-dispersion equation 
(Eq.10) supplemented by a zero-dimensional mixing model (Eq.11) to represent the 
reservoirs at the ends of the column; in the transport model C(x,t) represents the 22Na 
concentration in the column at any position (x) and time (t) whereas C(0,t) represents the 
average concentration in the reservoir at any time.  The flow velocity (u) and volumetric 
flow rate (Q) as well as the volume of the reservoirs (V) was fixed in the experiment, 
whereas the dispersion coefficient (D) was fit to the experimental data.     
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                                                    (11) 
These equations were solved semi-analytically in Microsoft Excel given the 
initiation of a constant mass release (Co) at time ta.  The resulting model produces 
concentration breakthrough curves with enhanced apparent dispersion compared to the 
standard analytical solution of the advection-dispersion equation.   
4.5 Experimental Results and Discussion  
4.5.1 Influence of pH Change on Surface Processes    
The 22Na breakthrough curve from phase I of the experiment (i.e., initial 
breakthrough of 22Na spike under a constant pH of 5.0) is shown in Figure 4.2 for both 
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the column average concentration, as observed by the gamma ray detector, and at the 
column outflow, as determined from sample aliquots.  The modified transport model was 
able to fit both breakthrough curves reasonably well with the dispersion coefficient set at 
D=1.08×10-5m2/s.  The SIP representative complex conductivity spectra from different 
times throughout the experiment are shown in Figure 4.3a and 4.3b, note that the 60Hz 
power noise signal is filtered here.  
During phase I of the experiment it is apparent that the injection of the 22Na spike 
did not affect the SIP response.  Insensitivity of the electrical signals to 22Na was 
expected given that the chemical properties, and therefore interactions of this isotope 
with the surface, are the same as for the bulk sodium in the solution.  We therefore 
conclude that the 22Na can act as a representative indicator of sodium for the column.   
 
Figure 4.2Breakthrough curve and simulated 1D transport of 22Na for the column outflow 




Figure 4.3Initial and equilibrium SIP responses following each experimental phase: (a) imaginary 
conductivity spectra, and (b) real conductivity spectra.   
 
Figure 4.4 pH of the column inflow and effluent. 
After the breakthrough of the 22Na spike was complete, phase II of the experiment 
was initiated by increasing the pH of the influent solution from 5.0 to 6.5 while keeping 
all other conditions constant.  The slow rise in the pH of the column effluent (Figure 4.4) 
illustrates that equilibrium conditions were reached throughout the column after 
approximately 300 hours of flow, i.e., equivalent to approximately 126 pore volumes of 
the column apparatus (including the reservoirs).  The difference between the influent and 
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effluent pH values is due to the pH buffering of the silica gel which requires a large 
number of pore volumes to overcome.  A similar slow change toward equilibrium is 
observed when the pH is then changed from 6.5 to 8.0 during phase III of the experiment.  
Given that the pH, complex conductivity, and gamma measurements responded similarly 
throughout phase II and III, we discuss these results together.    
The pH change produces a clear increase in the magnitude of both the real and 
imaginary conductivity of the column, with small shifts toward higher peak frequencies 
for the imaginary conductivity at higher values of pH (Figure 4.3a, b).  Both the mean of 
the real conductivity and the peak value of the imaginary conductivity increase over time 
(Figure 4.5a,b) following the general trend of the outflow pH through phase II and III of 
the experiment shown in Figure 4. 4.     
The gamma radiation measurements also increase over time throughout phase II 
and III in response to the pH change (Figure 4.5a and 4.5b).  Given that the decay rate of 
22Na and concentration is constant, this increase in the gamma ray counts indicates an 
accumulation of the isotope within the column.  The 22Na content of the influent solution 
was constant, so the observed increase in mass cannot be associated with changes of the 
pore fluid.  The increasing gamma radiation therefore provides a direct indication of 
accumulation of sodium on the surfaces of the silica gel, (i.e., within the Stern and diffuse 
layers) which is likely coupled with deprotonation of silanol groups as indicated in 
equation 3. 
Given the note that fluid conductivity of the inflows and outflows were kept 
constant throughout the experiment, the increase of real conductivity is contributed by 
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surface conductivity.  As discussed earlier, models of the electrical response of a porous 
medium based on grain polarization theories are directly dependent on the ion density at 
the grain surface; mobile ions in the diffuse layer contribute significantly to grain surface 
conductivity whereas ions in the Stern layer contribute to both grain conductivity and 
polarization.  The similarity in the trends of the real and imaginary conductivity of the 
column relative to the gamma ray counts supports this theory.  Figure 4.5 provides a 
direct comparison between the real and imaginary conductivity of the column (i.e., 
magnitude of polarization) versus gamma counts (i.e., amount of sodium sorbed on the 
surface).  While the electrical response is insensitive to the addition of 22Na (phase I), 
there is an excellent correlation (R2=0.99) between the two measurements as the pH 
increases during phase II and III of the experiment. This strong relationship between the 
amount of sodium sorbed to the surface and the electrical response further supports the 




Figure 4.5 Correlation between the imaginary and real conductivity with the gamma response of the 
column through the experiment, (a) and (b): time dependent plot; (c) and (d): scatter plot (color scale 
indicates time in hours).   
4.5.2 Estimation of Surface Ion Density  
The density of surface sorption sites is an important parameter controlling both 
the geochemical and geophysical behavior of a porous medium.  In this experiment we 
obtained independent estimates of this parameter based on the gamma ray and SIP 
measurements to quantitatively evaluate the consistency between these two processes.   
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where ∆A(t1,t2) is the measured change in gamma ray activity (Bq) over the observation 
time t1 to t2, NA is Avogadro’s number (6.022x1023), f is the efficiency of the gamma 
detector measurement of the column, and MNa-22 is the atomic mass and τ half-life 
(2.60yrs) of 22Na.  The activity change ∆A(t1,t2) can be obtained by calculating the 
difference between the 22Na gamma responses observed during the equilibrium states 
following each phase of the experiment.  Through Eq. (12), the accumulated mass of 22Na 
associated with the pH increase can be calculated.  Assuming that the stable and 
radioactive forms of sodium behave identically with respect to sorption, we use the 
22Na:23Na mass ratio, which is 6.81×10-10 in our experiment, to estimate the additional 
total mass of sodium sorbed as a result of a pH change. The surface site density is then 
estimated by dividing the total mass of sorbed sodium by the surface area of the silica 
gel.  The resulting changes in surface site density estimated over phase II and III of the 
experiment are given in Table 4.1. 
According to the electrochemical polarization model constructed by Leroy et 
al.(Leroy, Revil et al. 2008), surface site density is a primary parameter controlling the 
polarization response measured by SIP.  The Leroy et al.(Leroy, Revil et al. 2008) model 
(Eq.8) was therefore fit to the steady-state complex conductivity spectra measured at pH 
5, pH6.5 and pH 8 (Figures 6a, b, c) to obtain the total surface site density in each case 
(Table 4.2).  Substantial (i.e., order of magnitude) increases in the site density of the 
Stern layer were required to fit the data, whereas only modest increases in the diffuse 
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layer site density were necessary.  It is notable that while the mean of the assumed log-
normal grain size distribution was fixed while fitting these data, we found that the 
variance of the grain size distribution had to be progressively increased to match the 
width of each complex conductivity spectrum.   
 
Figure 4.6 Fit of the Leroy et al.(Leroy, Revil et al. 2008) complex conductivity model to the 
measured SIP signals under equilibrium conditions for phase I (a), II (b), and III (c) of the 
experiment.  
 
Table 4.1 Comparison of the surface site density increases obtained using 22Na observations versus 
fitting the SIP data. 
 
Phase Estimated with SIP 
Model 
Estimated with 22Na  
I: pH 5 to 6.5 4.31×1016 sites/m2 1.53×1016sites/m2 










Table 4.2 Estimated SIP Model Parameter Values for fitting the SIP data. 
 














distribution st. dev  
I: pH 5  1.80×1015  3.90×1017 4.96×10-5 3.68×10-1 
II: pH 6.5  4.49×1016 4.97×1017 4.96×10-5 4.50×10-1 
III: pH 8 1.34×1017 7.45×1017 4.96×10-5 4.90×10-1 
 
Changes in the estimated ion density within the Stern layer between phases of I-II 
and II-III are given in Table 4.1.  Comparing these changes to the results obtained 
directly from the decay of 22Na shows agreement between the two measurements to 
within a factor of 3.  This result suggests that the SIP measurements are sensitive to 
contributions to polarization that are not captured by the Leroy et al. model(Leroy, Revil 
et al. 2008).  We do not expect these contributions to come from other metal ions 
adsorbed to the silica gel surface since our influent solution contained only sodium and 
chloride.  Allowing some fraction of either the diffuse layer or adsorbed protons to 
contribute to both the grain polarization as well as DC surface conductivity could account 
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for this difference.  For example, the proton hopping mechanism described by Skold et 
al.(Skold, Revil et al. 2011) was not included in the model and could account for the 
greater surface site density estimated from the SIP data relative to the 22Na 
measurements.  Likewise, failing to account for the influence of the diffuse layer on 
polarization may explain the apparent change in the grain size distribution required to fit 
the SIP spectra; following Lesmes and Morgan’s example to explicitly include the diffuse 
layer(Lesmes and Morgan 2001), e.g., through Fixman’s approach(Fixman 1980), may 
lead to wider spectra that better fit the data.  Finally, another factor that has not been 
considered in this analysis is that the Leroy et al.(Leroy, Revil et al. 2008) model does 
not account for the intragranular porosity of the silica gel, which could influence the 
apparent value of the Stern layer site density estimated from the SIP data.           
4.5.3 Rate Dependent Surface Effects 
Comparing the SIP and gamma measurements obtained during phase II and III, it 
is apparent that they have similar increasing trends with time.  The rate of increase for 
both types of measurement, however, is greater during phase III than phase II (Figure 
4.7).  Under the same flow rate and ionic strength conditions, the difference in 
accumulation rate reflects a difference in the adsorption rate of sodium onto the silica gel 
surfaces controlled by pH.  This behavior is also consistent with 22Na measurements of 
the column effluent (Figure 4.8).  In these data there is no apparent difference between 
the amount of 22Na in the column inflow and outflow during phase II of the experiment, 
suggesting that the uptake rate is slow compared to the advection rate through the 
column.  In contrast, a statistical t-test indicates that the difference between the amount of 
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22Na in the inflow and outflow during phase III is significant (level of significance: 5%), 
suggesting that the uptake rate of 22Na is much higher during this phase.  As the 
experiment progresses toward equilibrium and surface sites become saturated with 
sodium, the difference between inflow and outflow concentrations diminishes. 
Under the constant sodium concentration and flow rate in the column during 
phase II and phase III, an increase of pH yields more negative surface sites through 
silanol deprotanation, which we suggest promotes the higher Na adsorption rate. Previous 
researchers have shown that pH has a positive effect on adsorption kinetics.  For 
example, Powell et al.(Powell, Fjeld et al. 2004) performed an experiment on Pu(V) 
adsorption under different pHs using synthetic magnetite.  The result showed that the 
adsorption rate increased by 5 orders of magnitude when the pH increased from 3 to 8.   
 




Figure 4.822Na measurement of the column in inflow and effluent 
 
4.6 Conclusions 
We have demonstrated a novel way to non-invasively measure and monitor the 
surface sorption process in laboratory columns using spectral induced polarization (SIP) 
and a radioactive tracer.  The high degree of correlation obtained between these methods 
provides direct evidence that grain polarization is the primary mechanism causing 
polarization in SIP measurements of silica gel.  This interpretation was further supported 
by fitting the complex conductivity model of Leroy et al.(Leroy, Revil et al. 2008)  to the 
SIP data to estimate the number of sorption sites on the silica gel, though our results 
suggest that the model may not capture all important contributions to grain polarization.  
Our results indicate that SIP can non-invasively provide direct insight to surface sorption 
processes in porous media consisting of non-conductive silicate materials; further testing 
of field rocks and soils as well as materials containing conductive phases is required.  
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Finally, our experimental results suggest that SIP measurements may be useful for non-



















Chapter 5 The signature of SIP on surface cations sorption 
under different flow rate 
5.1 Abstract 
Surface sorption and mass transfer are the fundamental processes need to study 
for understanding the solute transport in subsurface. Recently SIP measurement is applied 
to monitor the surface sorption reactions in porous medium. Here in this study we are 
trying to investigate whether SIP method could be used to tell us information about mass 
transfer process in porous media. To do this we conduct a column scale solute transport 
and cation exchange (Na+ and Ca2+) experiment on silica gel materials under three 
different flow rates. And we independently estimate the Na+ distributed in the column by 
using a radioactive 22Na isotope.  The breakthrough curves under the three flow rates for 
outflow aliquots are recorded by measuring the activity of 22Na using liquid scintillation 
counter. The SIP responses on transition between Na+ and Ca2+ on surfaces are compared 
with the breakthrough curves of the 22Na in the column and outflow for different flow 
rate. And we find they have a consistent pattern and response under the influence of flow 
rate, for the slowest flow rate the concentrations of 22Na and SIP response first come 
through the column compared with that for the other two flow rates. And we explain this 
result to be caused by the enough time the slowest flow rate give to the solute in the 
column for mass transfer through the micro-pores on silica gel and cation exchange 
process. To confirm our experimental result and explanation, we use a mobile-immobile 
domain solute transport model to simulate the breakthrough curves for three set of flow 




Understanding the subsurface mineral sorption and solute transport process is 
very important for groundwater management, such as pollute control, and water storage 
and remediation strategy making. Although traditional methodology of pumping and 
sampling of the mobile pore space is still widely used for monitoring the solute transport 
in subsurface (Cook, Solomon et al. 1995; Harvey, Saiers et al. 2005; Sorensen, Butcher 
et al. 2015), it is time-consuming and highly invasive and cost.  The demand for non-
invasive measurement promotes the application of geophysical method on monitoring the 
subsurface contamination distribution and transportation (Binley, Henry‐Poulter et al. 
1996; Kemna, Kulessa et al. 2002; Ward, Gooseff et al. 2014).  
Spectral induced polarization (SIP) is a minimally-invasive geophysical method 
which is recently frequent used to monitor the bio/geochemical process in porous media 
(Williams, Kemna et al. 2009; Abdel Aal, Atekwana et al. 2010; Vaudelet, Revil et al. 
2011) (Placencia-Gómez, Slater et al. 2013). Low-frequency SIP (typically below 1 kHz) 
measurement provides the information of grain surface properties of charge transport and 
storage through the complex conductivity signals, it can be expressed as: 
         ( ) ( ) ( )iσ ω σ ω σ ω
∗ ′ ′′= +                                                         (1) 
where σ ′ is the real (conductive) part of complex conductivity that captures energy 
losses, and σ ′′ is the imaginary (polarization) part of complex conductivity that captures 
energy storage, and i= 1− . 
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For better understanding the solute transport process in subsurface, surface 
sorption and mass transfer process are the fundamental problems we need to study first. 
Recently researchers successfully use SIP measurement to monitor the surface ion 
sorption processes and distinguish the signals between different ion sorption behaviors, 
through which developed a new approach to characterize the geochemical surface 
reactions(Vaudelet, Revil et al. 2011; Vaudelet, Revil et al. 2011). And there is evidence 
from Swanson et al.‘s work showing that the mass transfer process could be detected by 
geoelectrical bulk conductivity measurement on a zeolite packed column(Swanson, 
Singha et al. 2012).  
Here in this study, we aim to investigate the SIP signals on column scale solute 
transport process under different flow rate. Meanwhile, we exchange the solute cation 
between Ca and Na to record the different surface cation of SIP signals during mass 
transfer.  Isotope 22Na (half-life = 2.60yrs) is used as a radioactive tracer detected by 
gamma detector to estimate the total mass of sodium through the column. By changing 
the flow rate of solute going into the column, the breakthrough curves of outflow aliquots 
for 22Na concentration is also recorded. Dual domain mass transfer model is applied here 
to fit the breakthrough curves of 22responses for outflow, the column and SIP responses 
under different flow rate, through this process, the mobile and immobile parameters are 
estimated. These results and the comparison between the SIP responses with the mass 
transfer breakthrough curves will be used to evaluate the ability of SIP measurement for 
providing information about monitoring the mass transfer process.  
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5.3 Theoretical Background 
5.3.1 SIP mechanism 
Although the signals of SIP on metallic mineral, non-metallic grains and even 
biomass are studied and recognized(Weller, Slater et al. 2010), the mechanism control 
these responses is still ambiguous. There are several controversial theories trying to 
explain the polarization phenomenon(Kemna, Binley et al. 2012). One of the mechanisms 
is related to the stern layer charge polarization. Under an external alternating current, the 
mobile ions bound on mineral grain surfaces in porous medium start to migrate, but not 
leave the Stern layer, just tangentially along the surface and accumulate on one side of 
the grain particle. And this stern layer model was first developed by Schwarz(Schwarz 
1962), and it assumed the form of a Debye relaxation, in which the frequency dependent 
conductivity (σs) and permittivity (εs) responses of the Stern layer are given as a function 
of the dielectric permittivity of the grain (εg) and a time constant (τ). 
                                        
2





ε ω τ ε
σ ε
ω τ ω τ
= =
+ +                                                      (2) 
Here ω is the angular frequency of the applied electric field. The dielectric permittivity of 
the grain is dependent on the particle radius (R),  charge density of the stern layer (Σs), 
surface ionic mobility (µ), Diffusion coefficient of counterions in the fixed layer (D), 
temperature (T), and electronic charge (e= 1.6×10-19C) and Boltzman’s constants (k= 
1.381×10-23J K-1):   













                                                 (3)                                       
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5.3.2 Silica gel surface sorption 
Silanol groups on silica surfaces (>SiOH, where > refers to the framework of the 
silica gel) are the places holding the surface charge and sorption behavior of silica gel.  If 
the solute pH is larger than PZC (point of zero charge) value, a proton on surface is lost 
and cation sorption happens (Stumm 1992). The deprotonation reaction (5) and (6) could 
be written without the counter sorbing Na+ or Ca2+cation but this formalism is used here 
as it is more representative of the process occurring in the experimental systems 
discussed below.  
                               
0SiOH SiO H− +≡ ⇔≡ +                                                   (4) 
                               
0 0SiOH Na SiONa H+ +≡ + ⇔≡ +                                      (5) 
0 2 2
22 ( ) 2SiOH Ca SiO Ca H
+ − + +≡ + ⇔≡ +                                 (6) 
The sorption of sodium and calcium ions on the surface is related to the electrical 
double layer theory, and the sorption type could be electrostatic attraction to the surface 
or surface complex formation (inner-sphere vs outer sphere complexes) (Stumm 1992).  
 
5.3.3 Solute transport model 
Solute transport study in numerical models is based on the advection- dispersion 






θ θ∂ ∂ ∂= −
∂ ∂ ∂
                                                     (7) 
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Where c is the solute concentration [M L-3]; θ is the porosity[-]; q is the volumetric fluid 
flux density[L T-1]; D is the dispersion coefficient accounting for both molecular 
diffusion and hydrodynamic dispersion[L2 T-1]. 
  
      
Figure 5.1Conceptual model for mobile-immobile physical non-equilibrium solute 
transport(Šimůnek and van Genuchten 2008) 
The study of solute transport in solid fractures leads to the development of mass 
transfer models, one of which divides the water-solid environment into mobile and 
immobile zones. Some materials such as silica gels have micro pores and could hold 
immobile water in it, and assume that only solute moves into and out of this immobile 
domain through mass transfer (i.e., molecular diffusion) (Jaynes, Logsdon et al. 1995; 
Šimůnek and van Genuchten 2008). If assuming there is no chemical reactions or the 
reaction rate is high enough to be treated as instantaneous, this process is considered as 
only physical non-equilibrium model (Figure 6.1). And the governing transport equations 
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θ ω∂ = −
∂
                                                           (9) 
where moθ  and imθ  are the mobile and immobile porosities [-]; moC  and imC are the 
mobile and immobile solute concentrations [M L-3]; D is the dispersion coefficient 
accounting for both molecular diffusion and hydrodynamic dispersion [L2 T-1]; moq  is the 
volumetric fluid flux densityin the mobile domain [ L T-1]; and ω is the mass transfer 
coefficient [T-1]. 
5.4 Materials and Method 
The experiments were conducted by injecting a 22Na spiked 0.01M NaCl solution 
and 0.005M CaCl2 (same electrical conductivity) solution alternatively into the column 
with different flow rate. A schematic of the column (length: 12 cm), inner diameter: 2.54 
cm) used for our experiments is shown in Figure 5.2. The column was packed with 35-60 
mesh silica gel (Sigma- Aldrich 236802, Grade 636), which has grain diameters ranging 
from 250-500µm with an internal pore diameter of 60 Å and a Brunauer- Emmett- Teller 
(BET) surface area of 511.5±5.9 m2/g.  
Spectral induced polarization measurements were collected as phase and 
magnitude using a dynamic signal analyzer (PCI-4461, National Instruments, Austin, 
TX) operating over the frequency range of 0.5-1000Hz. Channel 1 of the signal analyzer 
was designated to record the current waveform by measuring the voltage response across 
a precision reference resistor in series with the column, whereas Channel 2 recorded the 
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voltage response of the sample. Both current injection and potential measurements were 
made using non-polarizing electrodes (12 gauge silver wires coated with silver chloride) 
that were placed in blocks enclosing the sample column.  The general procedure is 
similar to that described by Ntarlagiannis et al.(Ntarlagiannis, Williams et al. 2005).  
A sodium-iodide scintillation detector (BICRON, Canaan, CT) combined with 
Universal Radiation Spectrum Analyzer (URSA-II, SE International, Summertown, TN) 
in multi-channel scaling mode were used to continuously monitor the activity of 22Na in 
the column throughout the course of the experiment.  The detector was surrounded with 
lead shielding to lower the background count rate. An approximately 2 cm gap was left 
open to face the column and collimate the gamma rays resulting from annihilation of the 
22Na positron. The detector range was fixed such that only the full energy 511 keV 
gamma rays were counted to avoid complications from compton scattering.  The mass of 
22Na within the column can be directly related to the decay count rate as inferred from the 
gamma rays observed by the detector.  The gamma ray spectrometer facilitated non-
destructuve measurement of 22Na within the column. Liquid scintillation counting was 
used to determine the 22Na concentration in the effluent as discussed below. Thus, the 
nature of 22Na decay which produces a positron and two 511 keV gamma rays allows for 
relatively simple analysis of 22Na both in the column and in the effluent. 
A peristaltic pump was used to adjust and fix the flow rate entering the bottom of 
the column at three different flow rates throughout the experiment: 2.7mL/min, 
5.5mL/min, and 9.2mL/min.  Experiments were run at pH 6.5, and the stock solution of 
both NaCl and CaCl2 solutions were prepared by stirring while open to the atmosphere to 
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prevent pH changes induced by dissolution of atmospheric CO2(g). Spiked NaCl solution 
was first injected into the column, and once the SIP and the gamma ray measurements 
indicated that the column was at equilibrium with the influent stock solution, the influent 
solution was changed to CaCl2 with the same conductivity (1130µs/cm) and NaCl was 
flushed out. This process was repeated under the three different flow rates. Aliquots of 
the column outflow were collected throughout the experiment and analyzed for 22Na 
using liquid scintillation counting (Tri-Carb Liquid Scintillation Analyzer, 2910 TR 
Perkin Elmer, Waltham, MA).  
 
Figure 5.2 Schematic diagram of the experimental setup showing column design with electrode 
configurations and the NaI gamma radiation detector setup (lead shielding surrounding the detector 




5.5 Experimental Results 
In order to capture the SIP signals change during Na and Ca cation exchange on 
silica gel surface, the SIP measurements were performed from 0.5Hz to 1000Hz, and a 
typical example of spectral imaginary and real conductivity signal response at stabilized 
condition for NaCl and CaCl2 solution is shown in Figure 5.3. The Na sorption signals 
show higher response of imaginary conductivity than that of Ca sorption. And the real 
conductivity is counted from two parts: surface conductivity and bulk pore water 
conductivity, since we put the same fluid electrical conductivity for both solutions 
injected into the column, the real conductivity difference comes from the surface. Here 
Ca sorption shows higher response on real conductivity signals.  Based on the assumption 
of grain polarization theory governing the SIP signals, the difference behave of Ca and 
Na sorption is related to the bound type on surface when sorbed.  The single charged Na 
here is sorbed weakly at outer sphere with single site and easier to be exchanged and 
move tangentially along the silica gel surface, but double charged Ca is strongly sorbed at 
inner sphere and occupied for double site for each, this strongly sorption makes Ca less 
movable which explains the decreasing of imaginary conductivity compared to Na 
sorption. 
The peak of imaginary conductivity happened at 1.85Hz when Na ion was 
adsorbed and shifted to 1.43Hz for Ca adsorption. According to the equation (3), we 
could get an estimation on the theoretically peak frequency as 24 / ( )peakf D Rπ≈  , for Na 
and Ca sorbed on silica gel should be around 0.027Hz and 0.016 Hz if assuming the silica 
gel grain size as 250µm, and the dispersion coefficient for Na is 1.32×10-9 m2 s-1 and 
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7.91×10-10 m2 s-1 (Revil, Cathles et al. 1998) for Ca . However, the estimated value is 
much smaller from what we observed here. This may be explained by the nano-size pores 
(60 Å) present on silica gels, which reduces the actual grain size for surface sorption and 
diffusion process. And in another side, which could tell us that the mass transfer (i.e., 
molecular diffusion) plays important role for surface sorption in nano-pores (i.e., 
immobile domain). 
 
Figure 5.3 Spectral complex conductivity responses from 0.5Hz to 1000Hz: (a) imaginary 
conductivity; (b) real conductivity 
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In order to observe the SIP responses during cation exchanging process, we 
plotted the normalized peak of imaginary conductivity with time (Figure 5.4). From the 
transition between Ca and Na, the peak imaginary conductivity change behaves like a 
breakthrough curve. And we notice that under different flow rate the breakthrough curve 
behaves different. Similar responses are shown on 22Na gamma activity measured in the 
column and sampled in outflow (Figure 5.5 and 5.6). This could be explained by the 
effect of flow rate on advection transport and diffusion process of Ca and Na in the 
column.  The slowest flow rate lets the solution stay in the column with much more time 
than the others and makes the mass transfer process fully proceed, thus the concentration 
firstly come through the column. Comparing the breakthrough curves between the Ca 
exchanged to Na and Na exchanged to Ca processes, the flow rate has less effect on the 
Na, but more on Ca mass transfer between mobile and immobile domain and the surface 
sorption process. This response could be explained by the differences on the sorption 
type, ion mobility and radius between Na and Ca, for which we conclude that the 
measurements here we used in this research including traditional outflow sampling, SIP 
measurement and gamma detection directly measuring of the column concentration could 




Figure 5.4 Peak of Imaginary conductivity responses under different flow rate for (a) NaCl flow into 




Figure 5.5 Breakthrough curve of 22Na for the column outflow concentration under different flow 





Figure 5.6 22Na gamma activity in the column under different flow rate for (a) NaCl flow into the 
column; (b) NaCl flow out of the column 
 
5.6 Comparison between Theory Modeling and Experiments 
For better understanding the solute transport in our experiment condition under 
different flow rate, we used the standard advection- dispersion transport equations for 
equilibrium condition, physical non-equilibrium condition and chemical non-equilibrium 
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condition to fit both the column and outflow 22Na activity data (Figure 5.7-5.10). Table 
5.1 lists the best fit parameters for each model. 
 
Figure 5.7 Equilibrium model fitted experiment 22Na outflow data 
 
 





Figure 5.9 Chemical Non-Equilibrium one-site model fitted experiment 22Na outflow data 
 
 


















































Figure 5.11 Correlation between the 22Na gamma activity response from the column and SIP peak of 
imaginary conductivity 
As shown in Figure 5.11, the 22Na gamma activity measured directly from the 
column, which is the behavior transport of sodium in the column, has a highly correlation 
with the SIP measurement signals. Thus indirectly SIP measurement could be applied to 
monitor the mass transport process in porous media. 
5.7 Conclusions 
We have conducted a cation exchange solute transport experiment in a porous 
medium under different flow rate using spectral induced polarization and a radioactive 
tracer. Highly correlated SIP and the gamma activity of the column show clearly 
difference on the hysteresis of breakthrough curves of sodium and calcium transport in 














Chapter 6  Electrical response of abiotic and biotic 
modification of grain surfaces as observed with spectral 
induced polarization  
6.1 Introduction  
Spectral induced polarization measurement is a near surface geophysical method 
which measures the low frequency (typically <1 kHz) electrical properties of porous 
medium. Recent years, SIP has been applied to monitor the geochemical process in both 
filed and laboratory studies(Williams, Kemna et al. 2009) (Wu, Versteeg et al. 2009) 
(Zhang, Johnson et al. 2010). Wu et al. (Wu, Hubbard et al. 2010) investigated the SIP 
signatures of calcite precipitation process in porous media, the results shows a highly 
correlation between SIP signals and nonconductive mineral calcite precipitated in the 
column. Recently, SIP has been reported sensitive to microbial activities during bio-
geochemical processes (Aal, Slater et al. 2006) (Davis, Atekwana et al. 2006) 
(Ntarlagiannis, Williams et al. 2005), in these studies the rate of microbial activity and 
bio-induced mineral formation process such as FeS have been detected by SIP 
measurement by the researchers.  
During the investigation of SIP measurement in both the field and laboratory 
scale, researchers are trying to figure out the mechanisms such as stern layer polarization 
and membrane polarization for controlling the SIP signals. Stern layer polarization is 
related to the electrical double layer theory and the physical, chemical and electrical 
properties on surface may have effect on SIP(Lesmes and Morgan 2001). Here in this 
study we investigate through biotic and abiotic two different ways to modify the glass 
beads surface with calcite precipitation under time dependent. Through this study our 
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objectives are looking at the effect of physical modification of the grain surface and the 
biological activities on SIP responses.  
6.2 Materials and Methods 
Two types of column scale calcite precipitation experiments were conducted in 
this study.  In the first case, the calcite was formed in the column through mixing 0.05M 
Na2CO3 and 0.05M CaCl2 solutions injected into the column, and the reaction is shown as 
follows: 
2 3 2 3( ) 2sNa CO CaCl CaCO NaCl+ = +                                          (1) 
And in the second case, the calcite was induced during the metabolic ureolysis 
process by the bacteria of Sporosarcina pasteurii (ATCC 11859) which was pre-
established in the column, and then followed by injecting 5g/L urea and 0.02M CaCl2 
solutions into the column , the reaction is shown as below: 
2 2 2 3 2
+ -
3 2 2 4 3
2+ -
3 3
H NCONH (urea)+H O 2NH +CO




→                                (2) 
The column for conducting the experiments shown in Figure 6.1 (length: 4.5cm, 
inner diameter: 2.54 cm), was pre-packed with glass beads (manufacturer: Sartorius 
Stedim) which has grain diameters ranging from 0.25-0.3 mm. The solutions were 
injected into the column through a peristaltic pump and the flow rate was kept at 
0.5mL/min in both cases. The pH and conductivity were recorded for outflow every day.  
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In both cases, SIP measurement was to observe the whole process time 
dependently. SIP measures the frequency dependent (typically below 1 kHz) electrical 
response of a porous media. The measured complex conductivity can be expressed as: 
                                        ( ) ( ) ( )iσ ω σ ω σ ω
∗ ′ ′′= +                                              (1) 
where σ ′ is the real (conductive) part of complex conductivity that captures energy 
losses, and σ ′′ is the imaginary (polarization) part of complex conductivity that captures 
energy storage, and i= 1− .  The SIP measurement is made by applying a sinusoidal 
current source to a sample via two electrodes while monitoring the samples voltage 
response with two independent potential electrodes.  The difference in amplitude and 
phase between the applied and observed signals can be used to obtain the complex 
conductivity of the sample as a function of the frequency of the applied current.   
SIP measurements were collected as phase and magnitude using a dynamic signal 
analyzer (PCI-4461, National Instruments, Austin, TX) operating over the frequency 
range of 0.01-1000Hz. Channel 1 of the signal analyzer was designated to record the 
applied current waveform by measuring the voltage response across a precision reference 
resistor in series with the column.  Channel 2 of the signal analyzer recorded the voltage 
response of the sample.  Both current injection and potential measurements were made 
using non-polarizing electrodes (12 gauge silver wires coated with silver chloride) that 
were placed in blocks enclosing the sample column.  The general procedure is similar to 




Figure 6.1 Schematic diagram of the experimental setup showing column design with electrode 
configurations 
6.3 Results 
6.3.1 Grain surface morphology 
Scanning electron microscopy (SEM) images indicate that the surfaces of glass 
beads sampled from the column after the experiments were successfully modified under 
biotic and abiotic calcite precipitation (Figure 6.2). The images showed clearly different 
calcium carbonate crystal formed during the biotic and abiotic inducing process, for 
abiotic ones (Figure 6.2a and b), the calcite formed as independent small crystal particles 
coated on glass bead surface, however, the biotic induced calcite is more like sticking one 
another to be a whole thing without a clearly edge and paste on the surface of glass bead 
(Figure 6.2c and d).  Both modification processes have a similar characteristic in which 
the calcite particles form a bridge connecting the glass beads and blocking the porous 
pathway in some level. And the other difference from biotic inducing process effect on 
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the glass bead surface is shown in Figure 6.2e, the surface of glass bead is coated with a 









Figure 6.2 SEM images for the abiotic and biotic induced calcite precipitation on grain surfaces: (a) 
and (b) abiotic result; (c-e) biotic result. 
6.3.2 Electrical responses from SIP measurement  
(1) Abiotic induced calcite precipitation 
The abiotic calcite precipitation experiment took totally 6 days. The results of the 
imaginary response shows a distinct increase within 4 hours since start pumping CaCl2 
and Na2CO3 into the column (Figure 6.3a), and the peak point of imaginary conductivity 
shifted compared with that of the measured glass beads response, which indicated the 
calcite accumulated in the column, but the imaginary conductivity decreased to even 
smaller signals in the following five days (Figure 6.3b). The real conductivity drastically 





Figure 6.3 Imaginary conductivity responses with time during abiotic calcite precipitation process, 
(a) the start four hours measurement, (b) the six days result, legend stands for measurement time. 
 
Figure 6.4 Outflow pH and conductivity change with time during abiotic calcite precipitation process 
(2) Biotic induced calcite precipitation 
The biotic calcite precipitation experiment was conducted totally five days. The 
result of imaginary conductivity response shows a continuously increase throughout the 
experiment period (Figure 6.5a). The real conductivity shows a general decrease until at 
around 75 hours (Figure 6.7a) since start the experiment.  The overall trend of real 




Figure 6.5 Complex conductivity responses with time during biotic calcite precipitation process, 




Figure 6.6 Outflow pH and conductivity change with time during biotic calcite precipitation process 
The comparison of real and imaginary conductivity responses between biotic and 
abiotic calcite precipitation processes are plotted in Figure 6.7. Both processes have a 
consistent result on real conductivity response throughout the experiment which is 
decreasing all the time (Figure 6.7a). Biotic calcite precipitation process shows us a 
continuously increase on imaginary conductivity and increased 60% relatively, however, 
the imaginary conductivity response during the abiotic process decreased overall (Figure 
6.7b). From the SEM images we could observe both processes have a very good amount 
of calcite formed in the column. Thus the microbial mass and the biotic activities may 





Figure 6.7 Comparison of complex conductivity responses with time during biotic and abiotic calcite 
precipitation process, (a)real conductivity; (b)imaginary conductivity. 
6.4 Conclusions  
The abiotic and biotic induced calcite precipitation process were successfully 
conducted in the column, from SEM images, calcite was formed on glass bead surface as 
well as blocking the porous pathways. The electrical SIP measurement shows almost 





precipitation in the column caused the imaginary conductivity increase by 60%, but the 
abiotic process made it decrease. Through these comparisons it is still not clear whether 





















Chapter 7 Biofilm Disturbed Surface Adsorption Process 
Monitored by SIP Measurement with 22Na as a Tracer 
7.1 Introduction 
Recently geophysical measurement of Spectral Induced Polarization shows 
capability on monitoring the microbial activities in porous media. However, it is not clear 
which mechanism causing the SIP signals or affecting the electrical properties when 
microbe metabolism happens in porous medium. As previous research, we are able to use 
SIP method to monitor the abiotic surface Na adsorption process under different pH. 
Based on that, here in this experiment we investigate the effect of microbial formed 
biofilm in situ of porous media effect on surface ion adsorption by using 22Na as a tracer. 
And prelimary results show that even through continuous pumping of biomass (Optical 
Density as 0.68) into the column for three days at very slow flow rate, a low 
concentration of biomass inoculated in the column based on outflow biomass 
concentration, but we still got a consistent response between SIP signals of the column 
and gamma count response of 22Na in the column change with time due to biofilm 
formation in the column.  
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7.2 Materials and Method 
 
Figure 7.1Schematic diagram of the experimental setup showing column design with electrode 
configurations and the NaI gamma radiation detector setup (lead shielding surrounding the detector 
is not shown) 
 
A schematic of the column (length: 12cm, inner diameter: 2.54 cm) used for our 
experiments is shown in Figure 7.1. The column first was packed with The column was 
packed with 35-60 mesh silica gel (Sigma- Aldrich 236802, Grade 636), which has grain 
diameters ranging from 250-500m, a Brunauer- Emmett- Teller (BET) surface area of 
511.5±5.9 m2/g, and a large intragranular porosity of 38% with an internal pore diameter 
of 60 Å.  The column was continuously pumped with a solution containing 0.01M NaCl 
and supplemented with nutrients at the following concentrations: 0.1mM MgSO4·7H2O, 
1mM NaNO3, 0.1mM CaCl2·2H2O, 0.5mM KH2PO4, and 5mM Acetate, the solution was 
buffered with 10mM HEPES at pH 7.0. And after the background SIP signals and the 
gamma activity of the column were stable, the column was inoculated with pre-cultured 
Pseudomonas putida (ATCC 11172) with the solution above. A peristaltic pump was 
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used to fix the flow rate entering the bottom of the column at 0.5mL/min throughout the 
experiment. During the experiment process, there are several measurements taken to 
monitor the column electrical, biological and chemical properties response. A sodium-
iodide scintillation detector (BICRON, Canaan, CT) combined with Universal Radiation 
Spectrum Analyzer (URSA-II, SE International, Summertown, TN) in multi-channel 
scaling mode were used to continuously monitor the activity of 22Na in the column 
throughout the course of the experiment. SIP measurement records the electrical 
polarization response while Na adsorption and accumulated on surfaces in the column. 
And the inflow and outflow aliquots were collected for liquid scintillation analysis on 
22Na concentration and Spectra UV analysis of the cell density. 
In addition to the column flow experiment, we conducted a batch experiment for 
investigating the adsorption of Na by the bacteria/biofilm only. Mixed a certain amount 
of the bacteria suspensions (recorded the optical density of the solution) with 0.01M 
buffered pH 7.0 NaCl solution which was added with a 22Na spike, separated into three 
parallel 50mL centrifuge tubes. Aliquots were collected every two hours until 24 hours 





7.3.1 Biofilm batch adsorption 
 
 
Figure 7.2 Adsorption of 22Na by bacteria and control samples: (a) 22Na tracer concentration; (b) 
iomass concentration 
The batch experiment of investigating the biofilm adsorption on sodium lasts for 
24 hours. Aliquots are taken every two hours for 22Na analysis and biomass concentration 
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measurement (shown result in Figure 7.2). The result of the measurement is based on 
three replicates. The maximum adsorption on sodium adsorption indicated by the 
measurement on 22Na tracer concentration in liquid phase happened around 8 hours since 
the start, well the maximum biomass in the samples appears two hours later.  However, 
for overall period adsorption process, the test and control samples overall adsorption on 
sodium is around 2-3% similarly. In conclusion, from this batch experiment test on the 
biomass adsorption on sodium, no significant amount of 22Na adsorption happens in the 
test samples or the sample size is not large enough to see the changes. 
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7.3.2 Column flow through biofilm adsorption 
 
Figure 7.3 Biomass concentration, pH and fluid conductivity change through the column during 
biomass injection process 
Cultured biomass was injected into the column for three times, at 40, 90 and 140 
hours respectively. The optical density of biomass in outflow measured was stable around 
0.4, and is lower than that in inflow.  The pH in inflow was kept constant around 7.1, but 
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in outflow it increased up to 7.4. The fluid conductivity in both inflow and outflow has 
similar trend and decreased mildly (shown in Figure 7.3). 
 
Figure 7.4 Gamma activity of 22Na in the column during biomass injection process 
From the gamma activity of 22Na in the column data (shown in Figure 7.4), it 
looks like the data has three cycles through the overall 3 times injection periods. And at 
the beginning of each injection period, the gamma activity first decreases and at the end 
increases, there is similar trend in the SIP measurement result shown in Figure 5.5. As we 
know in previous study in this thesis, there is a highly correlation between the gamma 
activity of 22Na in the column and the SIP response which measures the electrical 
properties on the surface of silica gel in the process of pH dependent sodium adsorption.  
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Here in this study, since the pH shows pretty stable condition in the column, the 
similar trend between the two measurements is probably from the contribution of biofilm 
formed in the column. However, we do not have direct evidence to confirm this 
explanation here in this experiment. The existing of the peaks indicates the inoculation of 
biomass in the column is not very good, because this peak happened at the end of each 
injection which due to the bacteria needs time to be used to the environment in the 
column and for biofilm build up, and whenever we added new nutrient contained biomass 
solution to continue pumping, the signals in both gamma activity and SIP decrease first 
again.  
 
Figure 7.5 Complex conductivity responses during biomass injection process 
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The complex conductivity data shows similar trend between imaginary and real 
parts. There are three highest peaks in both data, although we did not capture the third 
one due to it happened in the night.  
7.4 Conclusion 
From this experiment we could see a consistent trend between the 22Na 
concentration in the column (changes on the surface) and the SIP measured on the surface 
of silica gels. And we kept the pH condition in the column stable which could attributed 
the signal changes to the biofilm or biomass contained in the column.  However, we 
didn’t give enough time for the bacteria or biofilm grow in the column which caused the 
signal decrease finally. In summary, the biofilm not build up very well in the column is 














Chapter 8 An investigation on time domain grain 
polarization response using AFM measurement  
 
8.1 Abstract 
The Spectral Induced Polarization (SIP) measurement represents us the frequency 
domain of column scale grain polarization signals. Here we developed a new method to 
measure the single grain scale of polarization responses by applying an externally electric 
field to a chamber which contains electrolyte and grain. The initial results show 
promising response and obvious different patterns between control and test samples. 
However, we are still trying to figure out the best way to affix the sample in the chamber 
holder, since right now we only use glue to mount the grains and have difficulty to 
explain the noise signal caused by the glue. 
8.2 Introduction 
As we know that, SIP measurement has been applied a lot on monitoring the 
subsurface geochemical process and microbial activities, and there are also bunch of 
successful research in lab scales (Slater and Lesmes 2002) (Titov, Komarov et al. 2002) 
(Kemna, Binley et al. 2004) (Ntarlagiannis, Williams et al. 2005) (Ntarlagiannis, Yee et 
al. 2005) (Aal, Slater et al. 2006) (Slater, Ntarlagiannis et al. 2006). However, we are still 
not clear that the mechanism control the polarization signals. Those literatures report that 
the SIP measurement is sensitive to the surface physiochemical properties changing, thus 
we are wondering if we could monitor the single grain surface electrical properties or 
complex conductivity response, it would help us better understand the SIP signals in 
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larger scales. As already reported in previous chapter, Atomic Force Microscopy (AFM) 
was used in a variety of different ways to investigate the grain surfaces, including the 
topography of the modified surfaces and surface charge density estimation.  
8.3 Method 
 
Figure 8.1 Schematic of set up for the AFM grain polarization measurement 
 
As shown in Figure8.1, we construct a sample holder which is filled with NaCl 
solution, and applied with an externally uniform AC voltage across the sample with 
embedded electrodes. The sample (i.e., grain, bacterium, biofilm, etc.) is mounted in it 
under the electrolyte solution with glue. The AFM tip is applied with a fixed charge, by 
placing the tip near one side of the sample, the force formed by the interaction between 
the charged tip and the polarized charge will cause a deflection on the tip, which is in 
nanometer scale and the deflection magnitude is used to evaluate the charge polarization 
of a grain in response to the externally applied electric field. Through varying the pattern 
of the external applied electric filed, we could monitor the time dependent of the 
polarization response of grain by changing some experimental condition, such as the fluid 
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chemistry of the electrolyte, and dynamic change on the sample surface (i.e., surface 
calcite precipitation, bacterium or biofilm growth, etc.). 
8.4 Initial Results 
 





Figure 8.3 Averaged tip deflection result on different materials and different places of material 
Figure 8.2 and Figure 8.3 show two examples of the time domain data we 
measured using silica gel and glass beads samples. Clearly there is difference between the 
responses on samples and controls (i.e., slide glue.). However, the major problem here is 
the difficulty for acquiring consistent result on the control of glue itself which is used to 
attach the sample to the bottom of the sample holder. The fixing process is kind of 
manually and without uniform pattern. But the method requires the sample to be fixed 
since the deflection signals from the tip are very sensitive and precise. Thus this seems to 
be the main challenge in this measurement, whenever we find a clear solution on it, we 
will be able to acquire consistent result on controls which will help us interpret the 




This chapter explored a new approach for measuring grain-scale polarization 
responses by evaluating the deflection of a charged AFM tip placed near a grain sample 
under an externally applied electric field, which provided qualitative information for 
polarization responses. However, there are still some methodological problems need to be 

















Chapter 9 Conclusions and Future Work  
9.1 General Conclusions  
In general this thesis investigated the polarization mechanisms controlling SIP 
measurement and the application of SIP on monitoring surface chemistry, mass transport 
and biological activities in porous media. Specifically, the findings and conclusions of 
this thesis could be described as several points as bellows: 
Firstly, through comparison of SIP measurement on physical, chemical, or 
biological modified grains, we found that stern layer polarization plays an important role 
on SIP signals of grain surface sorption process. During chemical modification which is 
controlling the ions sorbed on grain surfaces, we developed a novel way which can help 
us directly monitor the surface ion accumulation process quantitatively, and this result is 
highly correlative with the SIP signals. This helpful method could be applied widely for 
understanding the surface geochemical process.  However, for physical and biological 
modification and measurement result, we could not provide an absolute conclusion on 
Stern layer or membrane or other possible mechanisms may control SIP signals, since it 
is really hard to distinguish where the modifications are or microbial activity happens in 
porous medium, though we have got some meaningful results showing that in certain 
geochemical process there may be more than one mechanism work. 
Secondly, from the result of the different flow rate solute transport experiment, 
the SIP signals of different flow rate cation exchange process are consistent with the 
column and outflow mass breakthrough responses, which indicates SIP measurement 
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could provide us mass transfer information and may be capable for monitoring the mass 
transport process in field scale. 
Thirdly, the initial results biological experiments investigating the microbial 
effects on SIP signals show that microbial activities indeed enhanced the complex 
conductivity response compared to abiotic conditions.  And there is detected correlation 
between complex conductivity and the present of microbial adsorbed ions in porous 
media. However, further studies are needed to clarify the mechanisms for microbial 
signals on SIP, such as study of micro scale of solid-liquid interfaces while microbes 
present and its effect on surfaces and porous pathways. 
9.2 Recommendations for future work 
Although SIP measurement has been shown to be useful for monitoring 
subsurface geochemical and biological activities in this and past studies, a mechanistic 
theory of electrochemical polarization that explicitly integrates multiple polarization 
phenomena is required to interpret these data.  The model evaluated in this work (Leroy 
et al., 2008) was generally consistent with grain polarization phenomena associated with 
ion migration near charged mineral surfaces, but up to now not reported for effectively 
account for mineral precipitation and direct microbiological effects.  Further studies 
should focus on this issue.  Simplification of the biological system is suggested here to 
facilitate the understanding of fundamental mechanisms describing how bacteria alter SIP 
signals to support ongoing work which tries to demonstrate the sensitivity of SIP 
measurements to biological activities.  
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We investigated the polarization signals of a single grain using a new type of 
AFM measurement developed as a part of this study and found some promising results. 
We encountered some methodological problems, however, which have complicated the 
interpretation of the data. If future studies can overcome the experimental barriers 
identified here, this technique will provide a unique method for directly inferring the 
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